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ABSTRACT 

A program t o  i n v e s t i g a t e  t h e  e f f e c t  of v a r i a b l e s  on t u r b i n e  e r o s i o n  is  

now i n  progress .  

v e l o c i t y ,  and o r i g i n  of drops propagat ing  through a t y p i c a l  s t a g e  of a 

space power t u r b i n e .  Test condi t ions  were chosen t o  s imula te  t h e  

passage of potassium vapor through t h e  same t u r b i n e  s t a g e  s o  t h a t  cor re-  

l a t i o n  with potassium-vapor experiments would be  p o s s i b l e  i n  t h e  f u t u r e .  

High-speed photographs have been obta ined  of t h e  vapor f low t o  e v a l u a t e  

t h e  e r o s i o n  hazard t o  t u r b i n e  blades.  

T e s t s  have been made w i t h  steam t o  determine t h e  s i z e ,  

To e v a l u a t e  m a t e r i a l  c h a r a c t e r i s t i c s ,  t u r b i n e  b l a d e s  made of f o u r  d i f f e r -  

e n t  m a t e r i a l s  were run i n  t h e  same wheel. Comparative weight - loss  d a t a  

and r a t e - o f - l o s s  d a t a  permit  e v a l u a t i o n  based on m a t e r i a l  p r o p e r t i e s .  

T h i s  e v a l u a t i o n  i s  cont inuing .  T e s t s  wi th  d i f f e r e n t  q u a l i t y ,  speed ,  and 

nozz le- to- ro tor  spac ing  a r e  being conducted. 

i s s u e d  on t h e  r e s u l t s  of t hese  i n v e s t i g a t i o n s .  

Future  r e p o r t s  w i l l  be 



$a ROCYETDYNE 4 D I V I S I O N  O F  N O Q S U  A M E R I C A N  A V I A T I O N  I N C  

. 

CONTENTS 

Foreword . . . . .  
Abstract . . . . .  
Introduction . . . . . 
Droplet Formation . . 
Material Considerations 

Teat Fluid . . . . . 
Objective of the Program 

Program Tasks . . . . 
Turbine Test Rig Fabrication 

Test Rig . . . . . 
Test Loop . . . . . 
Similarity Parameters . 

Measurement Apparatus . . 
Nozzle Tests . . . . 
Turbine Tests . . . . 

Fabrication of Turbine Wheel 

Material Selection . . 
Fabrication o f  Blades . 

Testing . . . . .  
Test Setup . . . . . 
Test Objectives . . . 
Status . . . . .  
Test Sequence . . . . 

Analysis . . . . .  
Drop Formation . . . 
Material Evaluation . . 

Laser Pulsing System . . 
Ref e r enc e s . . . . .  

. . . . . . . . . . . . . iii 

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . . 

. . . . . . . . . . . . .  
. . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . .  * 

. . . . . . . . . . . . .  

. . . . . . . . . . . . . 

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  
. . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . . 

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . . 

. . . . . . . . . . . . .  

. . . . . . , . . . . . . 

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

5 

7 
7 
12 

23 

24 

43 

45 

45 

47 

49 

49 

49 

49 

50 

67 
67 
68 
71 

75 

vi i 



Ek ROCYETDYNE 0 A D I V I S I O N  O F  N O R T H  A M E R I C A N  A V I A T I O N .  I N C  

Appendix A . . . . . . . . . .  
Appendix B . . . . . . . . . .  
Similarity Considerations for Drops . . 

Physical Properties of Water and Potassium 

Appendix C . . . . . . . . . .  
Material Composition . . . . . . .  
Appendix D . . . . . . . . . .  
Determination of Droplet Velocity . . .  

. . . . . . . .  77 

. . . . . . . .  77 

. . . . . . . .  a7 

. . . . . . . .  a7 

. . . . . . . .  89 

. . . . . . . .  89 

. . . . . . . .  93 

. . . . . . . .  93 

viii 
. 



Ik ROCYETDYNE A O ! V ! S ! O N  9 F  N 9 R T H  A M E R ! C A N  A V ! A T ! @ N  . ! N C  

ILJXSTRATIONS 

1 . 
2 . 
3 . 
4 . 
5 . 
6 . 
7 . 

8 . 

9 . 

10 . 

11 . 
12 . 
13 . 
14 . 
15 . 
16 . 

17 9 

18 . 
19 . 
20 . 
21 . 
22 . 

Velocity Diagram for Turbine Blade 
Erosion Test Turbine Assembly . . . . . . . . . . .  
TurbineRotor . . . . . . . . . . . . . . . .  
Erosion-Turbine Wheels . . . . . . . . . . . . .  
S t eam Test Fac i 1 i ty . . . . . . . . . . . . . .  
Steam Test Facility Schematic . . . . . . . . . . .  

. . . . . . . . .  

Surface Tension to Vapor Density Ratio vs Temperature 
for Water and Potassium . . . . . . . . . . . . .  
Ratio of Square Root of Product of Surface Tension and 
Vapor Viscosity to Vapor Density f o r  Water and Potassium 

Ratio of Surface Tension Squared to Product of Vapor 

Density and Viscosity f o r  Water and Potassium 

Kinematic Viscosity of Steam and Potassium Vapor vs 

. . 

. . . . .  

Temperature . . . . . . . . . . . . . . . . .  
Preliminary Nozzle Test Loop . . . . . . . . . . .  
Nozzle Test Rig Assembly . . . . . . . . . . . .  
Nozzle Dimensions . . . . . . . . . . . . . . .  
Streams on Suction Surface . . . . . . . . . . . .  
Drops Stripped from Puddle . . . . . . . . . . . .  
Maximum Stable Drop Diameter vs Surface Tension to 

Vapor Density Ratio . . . . . . . . . . . . . .  
Turbine Erosion Program. Nozzle Test Facility . . . . .  
Inlet Distribution . . . . . . . . . . . . . .  
Accumulation on Suction Surface . . . . . . . . . .  
Path of Droplets on Suction Surface 

Droplets Leaving Trailing Edge of Web 

. . . . . . . . .  
. . . . . . . .  

Critical Drop Sizes . . . . . . . . . . . . . .  

3 
8 

10 

11 

12 

13 

16 

19 

20 

21 

25 

27 
28 

29 
31 

33 

34 
37 
79 
40 
42 
44 

ix 



23 
24 . 
25 

26 . 
27 

28 . 
29 

30 . 
31 . 

32 

33 . 

34 

35 . 

S t a i n l e s s  S t e e l  Blade. No . 4 .  Checkout Tes t  . 
Pure Copper Blade. No . 11. Checkout T e s t  . . 
Tens-50 Aluminum Blade. No . 39. Checkout Tes t  

S t a i n l e s s  S t e e l  Blade. No . lo3  . . . . .  
Copper Blade. No . 110 . . . . . . . .  
Tens-50 Aluminum Blade. No . 140 . . . . .  
Aluminum Blade. No . 125 . . . . . . . .  
Laser Pu l s ing  System Schematic . . . . .  

Data of  Ref . 7 . . . . . . . . . . .  
C r i t i c a l  Drop S i z e  C o r r e l a t i o n .  Water i n  A i r .  

Data of Ref . 4 . . . . . . . . . . .  
C r i t i c a l  Drop S i z e  C o r r e l a t i o n .  Glycer in  i n  A i r .  

Data of Ref . 4 . . . . . . . . . . .  
C r i t i c a l  Drop S i z e  C o r r e l a t i o n .  Methanol i n  A i r .  

Date of Ref . 4 . . . . . . . . . . .  
Surface  Tension of Liquid  P o t a s s i w  . . . .  

C r i t i c a l  Drop S i z e  C o r r e l a t i o n .  Water i n  Stream. 

. . . . .  54 

. . . . .  55  

. . . . .  56 

. . . . .  61 

. . . . .  62 

. . . . .  63 

. . . . .  64 

. . . . .  73 

. . . . .  81 

. . . . .  83 

. . . . .  84 

. . . . .  85 
. . . . .  88 

X 



TABLES 

1. 

2. 

3. 
4. 

59 
6. 
7. 
8. 

9 Erosion Test Turbine Design . . . . . . . . . . . 
Correlation of Potassium to 130 F Steam . . . . . . . 22 

Critical Droplet Diameters, Steam at 130 F . . . . . . 23 

Summary of Test Conditions . . . . . . . . . . . . 36 
Summary of Test Conditions Checkout Test . . . . . . . 51 

Weight Data for Blades Checkout Test . . . . . . . . 52 

Weight Data for Blades . . . . . . . . . . . . . 58 

Specific Gravity of Metals . . . , . . . . . . . . 70 

. 

xi/xii 



Rk ROCYETDYNE A D I V I S I O N  O F  l v 0 R T i - i  A M E R i C A N  A : ' : A T ! C ) N .  ! N C  

INTRODUCT I ON 

Eros ion  of t u r b i n e  b lades  has been encountered i n  Rankine-cycle power- 

p l a n t s  f o r  many yea r s .  I n  c e n t r a l  s t a t i o n s ,  t h i s  problem has u s u a l l y  

been so lved  by t h e  a p p l i c a t i o n  of s p e c i a l  m a t e r i a l s  and by sys t ema t i c  

replacement  of b l ades .  While t h i s  procedure may be c o s t l y ,  it has been 

e f f e c t i v e .  The l i t e r a t u r e  i s  f u l l  of a r t i c l e s  which dea l  wi th  t h e  pre-  

v e n t i o n  of e r o s i o n ,  e l imina t ion  of t h e  damaging wa te r ,  s p e c i a l  b lade  

shapes ,  a l t e r a t i o n  of spac ing ,  e t c .  Ye t ,  no s o l u t i o n  has been found 

which i s  u n i v e r s a l l y  acceptab le .  I n  f a c t ,  it becomes i n c r e a s i n g l y  c l e a r  

as t h e  l i t e r a t u r e  is surveyed t h a t  t h e  process  of e r o s i o n  i s  b u t  l i t t l e  

understood . 

I n  space power systems of 

multimegawatt) ,  t h e  Rankine cycle  is of cons ide rab le  i n t e r e s t .  

i n g  f l u i d  f o r  such a cyc le  may we l l  be an a l k a l i  metal, w i th  potassium 

as t h e  p reva len t  choice.  Such a system i s  s u r e l y  prone t o  e ros ion  i f  

cond i t ions  a r e  r i g h t .  Two m a j o r  d i f f e r e n c e s  from t h e  s t a t i o n a r y  s team 

powerplant a r e  ev iden t .  F i r s t ,  space-system requirements  u s u a l l y  in -  

c lude  a need f o r  10,000 hours p l u s  of una t tended  ope ra t ion .  This  pre-  

c ludes  replacement as a s o l u t i o n  t o  b l ade  e ros ion .  Second, space systems 

employ t u r b i n e s  which a r e  s m a l l ,  high-speed machines ; diameters  of l e s s  

t han  1 f o o t ,  b lade  he igh t s  of 1 i n c h ,  and r o t a t i v e  speeds of 30,000 rpm 

a r e  common. I t  i s  n o t  immediately ev iden t  whether small, l i g h t l y  loaded 

b l ades  erode i n  a manner similar t o  l a r g e ,  h i g h l y  loaded ones.  

l a r g e  power ou tpu t  (300 k i l o w a t t s  t o  

The work- 

To determine what some of t h e  s i g n i f i c a n t  v a r i a b l e s  i n  t h e  e r o s i o n  of 

p o t e n t i a l  space power t u r b i n e s  might b e ,  a program w a s  undertaken under, 

NASA sponsorsh ip  a t  Rocketdyne." Bas ic  t e s t i n g  inc lud ing  d i r e c t  observa- 

t i o n  of t h e  d r o p l e t  format ion ,  and impact w a s  t o  be done. It  w a s  ev iden t  

*Contract NAS7-391 adminis te red  through the  J e t  P ropu l s ion  Labora tory  



t h a t  t he  b a s i c  two-phase flow and impact phenomena a r e  n o t  w e l l  under- 

s tood  and t h a t  t h e  number of v a r i a b l e s  is  t o o  g r e a t  f o r  a completely 

a n a l y t i c a l  de te rmina t ion  of t h e i r  e f f e c t s  upon e r o s i o n .  

DROPLET FORMATION 

While complete understanding of t he  causes  of t u r b i n e  b l ade  e ros ion  i s  

no t  a v a i l a b l e ,  c e r t a i n  conclus ions  can be drawn. A s  t h e  vapor expands 

through the  t u r b i n e ,  t h e  s a t u r a t i o n  l i n e  i s  reached.  While some amount 

of s u p e r s a t u r a t i o n  i s  p o s s i b l e ,  a po in t  i s  f i n a l l y  reached  where con- 

densa t ion  begins .  The s i z e  of t h e  d r o p l e t s  formed dur ing  t h i s  condensa- 

t i o n  depends on many th ings  ( e . g . ,  vapor tempera ture ,  p r e s s u r e ,  and r a t e  

of expansion) bu t  t h e y  a r e  g e n e r a l l y  agreed t o  be i n  t h e  submicron diam- 
-6 e t e r  range (1 micron = 10 meter+. The drops a r e  t h e r e f o r e  of s m a l l  

mass and t h e y  a r e  r a p i d l y  a c c e l e r a t e d  t o  n e a r l y  f r ee - s t r eam v e l o c i t y .  

For  t h i s  reason ,  t h e s e  drops encounter  t h e  moving t u r b i n e  b l ades  a t  

n e a r l y  the  c o r r e c t  v e c t o r  v e l o c i t y  and have l i t t l e  ( i f  any) impact w i th  

t h e  b l ades .  As t h e s e  drops pass  through success ive  s t a g e s ,  t hey  grow 

and may impinge on subsequent  nozz le  w a l l s .  

which may be condensing on t h e  w a l l  and form a t t a c h e d  drops of s i z a b l e  

magnitude. Eventua l ly  they  reach  a s i z e  where t h e  drop i s  s t r i p p e d  from 

t h e  w a l l  and r e -en te r s  t he  moving s t ream. Such drops have d iameters  i n  

the  range of 50 t o  1000 microns depending on t h e  cond i t ions  of t he  f low; 

t h e r e f o r e  they  have l a r g e  mass and t h e y  a r e  a c c e l e r a t e d  s lowly .  Upon 

l eav ing  t h e  nozz le ,  t h e i r  abso lu t e  v e l o c i t y  is  much lower than  t h e  f r e e -  

s t r eam v e l o c i t y ,  and t h e i r  v e l o c i t y  r e l a t i v e  t o  t h e  b l ade  i s  l a r g e  and 

i n  t h e  wrong d i r e c t i o n .  F igure  1 demonstrates  a t y p i c a l  cond i t ion .  

Ameliorat ion of e ros ion  can be expected by: 

Here t h e y  merge wi th  drops 

. 

1. Decreasing t h e  number of l a r g e  drops by changing t u r b i n e  

geometry 
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C = absolu te  s t e a u  v e l o c i t y  

W = r e l a t i v e  steam v e l o c i t y  

C = absolu te  water  v e l o c i t y  

W = r e l a t i v e  water  v e l o c i t y  

u = blade v e l o c i t y  

s 

S 

TJ 

W 

Figure 1, Veloc i ty  Diagram f o r  Turbine Blade 
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2 .  Increas ing  nozzle-blade spac ing  t o  provide more t ime f o r  drop- 

l e t  a c c e l e r a t i o n  and breakup 

3. Draining of d r o p l e t s  be fo re  they  l eave  t h e  s ta tor  

MATERIAL CONSIDERATIONS 

Erosion can be prevented o r  reduced t o  a t o l e r a b l e  l e v e l  by i n c r e a s i n g  

the r e s i s t a n c e  of the  blade m a t e r i a l  t o  the  l i q u i d  impact.  I n  c e n t r a l  

power s t a t i o n s .  s t e l l i t e  €ac ing  has been used a t  the  l ead ing  edges of the  

r o t o r  b l a d e s .  However, problems of speed, temperature ,  and m a t e r i a l  com- 

p a t i b i l i t y  encountered i n  space power machinery make t h i s  s o l u t i o n  in su f -  

f i c i e n t .  I t  i s  ev iden t ,  t h e r e f o r e ,  t h a t  a more complete understanding 

o f  the e ros ion  mechanism and the meta l lographic  e f f e c t s  i s  d e s i r a b l e .  

The exac t  na ture  of t he  meta l lographic  i n t e r a c t i o n  wi th  t h e  impacting 

drop i s  t h e  sub jec t  of a number of r e sea rch  p r o j e c t s  a t  t h i s  t ime.  I n  

g e n e r a l ,  c o r r e l a t i o n  of e ros ion  r e s i s t a n c e  wi th  any one m a t e r i a l  p rope r ty  

has no t  been success fu l .  However, evidence e x i s t s  t h a t  some form of 

f a t i g u e  mechanism is  r e spons ib l e  f o r  e r o s i o n ,  and t h a t  some form of t h e  

endurance i a t i g u e  l i m i t  may make c o r r e l a t i o n  p o s s i b l e .  M a t e r i a l  hardness  

i s  a l s o  under cons ide ra t ion  as a c o r r e l a t i o n  parameter .  To a l a r g e  degree ,  

hardness  i s  r e f l e c t e d  i n  the  f a t i g u e  endurance l i m i t  used i n  the  d e t e r -  

mina t ion  of the m a t e r i a l  t h re sho ld  v e l o c i t y .  For f e r r o u s  and some aluminum 

a l l o y s .  hardness i s  a d i r e c t  measure of t he  m a t e r i a l ' s  t e n s i l e  s t r e n g t h ,  

and f o r  m o s t  ma te r i a l s ,  f a t i g u e  s t r e n g t h  i n c r e a s e s  wi th  t e n s i l e  s t r e n g t h .  

A s  p a r t  of the program desc r ibed  here ,  t u r b i n e  b l ades  of fou r  d i f f e r e n t  

m a t e r i a l s  were f a b r i c a t e d  t o  determine what d i f f e r e n c e s  i n  e r o s i o n  r e s i s t -  

ance occurred  when the  b l ades  were exposed t o  the  i d e n t i c a l  l i q u i d  impact 

c o n d i t i o n s .  

4 
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TEST FLUID 

Although the  u l t ima te  f l u i d  of  i n t e r e s t  f o r  a space power system i s  an  

an a l k a l i  metal ,  probably potassium, the i n i t i a l  t e s t  program t o  eva lua te  

e r o s i o n  w a s  performed us ing  steam. The reasons  f o r  t h i s  choice were: 

(1) l a r g e  body of l i t e r a t u r e  with which t o  c o r r e l a t e ,  (2 )  ease  of t e s t i n g  

and i n s p e c t i o n  of p a r t s ,  (3) a b i l i t y  t o  v i s u a l i z e  f low s o  t h a t  the  condi- 

t i o n s  of l i q u i d  impact a r e  known f o r  steam and can be es t imated  f o r  l a t e r  

potassium t e s t s ,  and ( 4 )  e l imina t ion  of co r ros ion  a s  a v a r i a b l e .  

Grea t  ca re  w a s  exe rc i sed  t o  choose t e s t  cond i t ions  which would be dynam- 

i c a l l y  s i m i l a r  t o  cond i t ions  i n  a potassium system. Cons idera t ions  used 

were: (1) similar d r o p l e t  s i z e s ,  (2) s i m i l a r  v e l o c i t y  v e c t o r s ,  and (3) 
similar m a t e r i a l  p r o p e r t i e s .  A d e t a i l e d  account  of t he  s i m i l a r i t y  con- 

d i t i o n s  i s  given below. 

OBJECTIVE OF TIIE PROGRAM 

The o b j e c t i v e  of t he  program is  t o  i n v e s t i g a t e  t h e  e f f e c t s  of vapor 

q u a l i t y ,  d r o p l e t  s i z e  and v e l o c i t y ,  and t u r b i n e  geometry on t u r b i n e  

e ros ion  wi th  wet vapor .  To do t h i s ,  a s p e c i a l  t e s t  t u r b i n e  w a s  run  t o  

c o r r e l a t e  l o c a l  measurement of d r o p l e t  s i z e ,  v e l o c i t y ,  and t r a j e c t o r y  

wi th  observed e ros ion  p a t t e r n s  on d i f f e r e n t  b l ade  geometr ies  and ma- 

t e r i a l s .  P a r t i c u l a r  emphasis was placed  on mechanical e r o s i o n  w i t h  

chemical e f f e c t s  minimized o r  i s o l a t e d  as much as p o s s i b l e .  

These t e s t s  were run us ing  s t eam.  Experiments were s t r u c t u r e d  s o  t h a t  

f u t u r e  t e s t s  us ing  a l i q u i d  m e t a l  w i l l  be d i r e c t l y  comparable. 

done by t e s t i n g  wi th  hardware i d e n t i c a l  t o  hardware t o  b e  used f o r  l i q u i d -  

ne t a l  t e s t i n g  i n  the potassium t u r b i n e  loop a v a i l a b l e  a t  Bocketdyne, and 

a t  cond i t ions  which provide  similar d r o p l e t  s i z e ,  impact l o c a t i o n ,  gnd 

impact  s t r e s s .  

Th i s  is  

5 



P R O W  TASKS 

The program was d iv ided  i n t o  s i x  t a s k s :  

TASK I 

TASK I1 Measurement Apparatus 

TASK I11 F a b r i c a t i o n  o f  Turbine Wheel and Housing 

TASK IV T e s t i n g  

TASK V Evalua t ion  of R e s u l t s  

TASK V I  Laser  Pu l s ing  System 

Turbine Test R ig  F a b r i c a t i o n  

Progress  i n  each of t h e s e  areas i s  d i scussed .  
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TURBINE TEST RIG FABRICATION 

TEST RIG 

A two-stage t e s t  t u r b i n e  (F ig .  2 )  w a s  designed and f a b r i c a t e d  f o r  t h e  

steam t e s t  s e r i e s .  The turb ine  wheels used i n  t h i s  des ign  were f a b r i c a t e d  

from Waspalloy i n  a n t i c i p a t i o n  of a p o s s i b l e  requirement  f o r  f u t u r e  

potassium t e s t i n g .  The s h a f t  i s  suppor ted  on two wa te r - lub r i ca t ed  j o u r n a l  

bea r ings  and one double-acting wa te r - lub r i ca t ed  t h r u s t  bea r ing .  P rov i s ion  

i s  made f o r  a p l a s t i c  window cover ing  t h e  second s t a g e ,  making i t  p o s s i b l e  

t o  observe d r o p l e t  format ion  and propagat ion  through t h a t  s t a g e .  Bas ic  

dimensions of t he  u n i t  a r e  shown i n  Table  1. Figure  3 shows the  assembled 

r o t o r .  

Because it w a s  necessa ry  t o  t e s t  more than  one b l ade  m a t e r i a l  a t  t h e  

same time t o  o b t a i n  a comparative assessment ,  p rov i s ion  w a s  made i n  t h e  

second t u r b i n e  s t a g e  f o r  demountable b l ades .  The b l ades  were c a s t , a n d  

a f i r - t r e e  s e c t i o n  conforming t o  a Rocketdyne s t a n d a r d  w a s  ground i n t o  

t h e  r o o t .  The wheel w a s  broached t o  accep t  t h e s e  b l a d e s .  F igu re  4 shows 

t h e  t u r b i n e  wheels.  

TEST LOOP 

A s p e c i a l  s team t e s t  loop was assembled by Rocketdyne f o r  u se  on t h e s e  

t e s t s .  F igu re  5 i s  an  o v e r a l l  view of t h e  f a c i l i t y  w i th  key components 

i d e n t i f i e d .  A l oop  l i n e  diagram i s  shown i n  F i g .  6 .  S p e c i f i c a t i o n s  

inc lude  

B o i l e r :  

f low 1700 lb /h r  

p r e s s u r e  150 t o  500 p s i  

q u a l i t y  99.6 p e r c e n t  

7 
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TABLE 1 

EROSION TEST T W I N E  DESIGN 

Number of S t ages  

Tip Diameter 

F i r s t  S tage ,  inches 
Second Stage ,  inches 

Design Speed, rpm 

Design T i p  Ve o c i t y  

F i r s t  Stage f t / s e c  
Second Stage)  f t / s e c  

Design Flow, lb /h r  

Design I n l e t  Pressure ,  p s i a  

Design I n l e t  Moisture,  percent  

Design Ou t l e t  P res su re ,  p s i a  

Design Ou t l e t  Moisture,  percent  

2 

6.00 

29,700 

6.16 

777 
800 

5 00 
13.75 
6.4 

2 .25  

11 
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F i r s t  S t a g e  

Second S t a g e  

F i g u r e  4, Erosion-Turbine \.%eels 
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BOILER 

DEAERATOR - 
FEED 

FEED 
PUMP 

ICONDENSER~ 4 1 
8 1 

JET EJECTOR 

SUB COOLER 

Figure 6. Steam Teat Facility Schematic 
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Condenser: 

h e a t  r a t e  

pres  s ure 

Deaerator  : 

content  

J e t  E j e c t o r :  

p res  s u r  e 

S I M I M I T Y  PARAMETEXS * 

6 1.6 x 10 Btu/hr 

2 t o  5 p s i a  

l e s s  than  0.005 c c h i t e r  

1 inch  Hg a b s o l u t e  

One of t he  requirements f o r  t h e  s team t e s t s  was t h a t  s i m i l a r i t y  t o  con- 

d i t i o n s  a n t i c i p a t e d  i n  a potassium t u r b i n e  s t a g e  would be  maintained.  

I n  t h i s  way, f u t u r e  t e s t s  us ing  potassium would y i e l d  d a t a  d i r e c t l y  r e -  

l a t a b l e  t o  the  r e s u l t s  ob ta ined .  Geometric s i m i l a r i t y  w a s  ensured  by 

us ing  t u r b i n e  components i d e n t i c a l  t o  t hose  which would be used i n  a 

potassium t e s t  ( s t a t o r  and r o t o r ) .  

T o  ensure dynamic s i m i l a r i t y ,  t he  drop s i z e s  t o  be expected as a r e s u l t  

o €  condensat ion,  agglomerat ion,  and shedding must be determined.  The 

e x a c t  n a t u r e  o f  t h e s e  processes  i s  n o t  understood,  a l though much work i s  

i n  process  a t  t h i s  t ime. I t  is  g e n e r a l l y  agreed t h a t  t he  n u c l e a t i o n  

p rocess  i s  r a t e  dependent (Ref. 1 ) ;  t h a t  steam w i l l  e x h i b i t  supe r sa tu ra -  

t i o n ;  t h a t  the submicron-sized condensat ion products  w i l l  n o t  p l a y  a m a j o r  

r o l e  i n  blade e ros ion .  The d r o p l e t s  r e s u l t i n g  from agglomerat ion on noz- 

z l e  w a l l s  a re  the  drops o f  major concern t o  t h i s  s tudy .  The i r  s i z e  may 

depend on a number o f  phys i ca l  cond i t ions  r e l a t e d  t o  the  v e l o c i t y  d i s t r i -  

b u t i o n ,  such as the  na tu re  of t he  boundary l a y e r ,  t h e  wakes behind the  

t r a i l i n g  edge, t he  t r a i l i n g  edge t h i c k n e s s ,  and the  secondary f low f i e l d .  

These condi t ions  a r e  d e a l t  w i th  i n  d e t a i l  i n  Ref .  2. 

- 
*In t h i s  s e c t i o n ,  des ign  cons ide ra t ions  a r e  reviewed. A d i s c u s s i o n  of 

t h e  formulat ion of  the va r ious  parameters  i s  g iven  i n  Appendix A .  

14 
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A review of t he  l i t e r a t u r e  done e a r l y  i n  t h i s  program revea led  t h r e e  

types  of drop-size c o r r e l a t i o n .  I n  Ref .  3,  Gardner s t i p u l a t e s  t h a t  the 

s i z e  of a d r o p l e t  t o r n  from a puddle by a moving gas  o r  vapor s t ream i s  

t h e  same as t h a t  of a d r o p l e t  suddenly thrown i n t o  the  s t ream. For t h i s  

cond i t ion  
2 

P u dc 
= 13 5 

where 

p = vapor d e n s i t y  

U = vapor v e l o c i t y  

d = c r i t i c a l  d r o p l e t  s i z e  

5 = l i q u i d  s u r f a c e  t ens ion  

C 

Th i s  dimensionless  n u d e r  i s  the r a t i o  of t h e  drag f o r c e s  t o  the  s u r f a c e  

t e n s i o n  f o r c e s  and is  r e f e r r e d  t o  as t h e  Weber Number (We). Fo r  equal  

vapor v e l o c i t y  and d r o p l e t  s i z e ,  t h e  c o r r e l a t i n g  parameter between two 

f low condi t ions  becomes 

Q - -  - cons tan t  
P 

Figure  7 shows the  v a r i a t i o n  of 5 / p  f o r  steam and potassium as a €unct ion  

of temperature .*  

I n  rocke t  engine technology,  the combustion of p r o p e l l a n t  depends t o  a 

l a r g e  degree on the type of d r o p l e t s  formed. I n v e s t i g a t i o n  a long  t h e s e  

l i n e s  a t  Roclietdyne evolved a c o r r e l a t i o n  based on 

Rem Wen = cons tan t  

*Values f o r  su r face  t ens ion  used a r e  shown i n  Appendix B. 

15 



UB ROCYETDYNE A D I V I S I O N  O F  N O R T U  ~ M E R I C ~ N  4 ~ 1 4 ~ 1 0 ~  

16 



t!R ROCYETDYNE A D I V I S I O N  O F  N O R T H  a M E 4 ! C A N  A V I A T I O N .  i K C  

where 

Re = Drople t  Reynolds Number 

and 

1 = v i s c o s i t y  of t h e  vapor 

The Reynolds Number i s  t h e  r a t i o  o f  i n e r t i a  and v i scous  f o r c e s .  Two 

types  of r e l a t i o n s  were found i n  Ref .  4 , 

ReWe = cons tan t  

and 

We = cons tan t  

P 

The l a t t e r  w a s  subsequent ly  confirmed by  d a t a  i n  Ref.  5 . Bennett-Cowell 

i n  a d i scuss ion  t o  Ref .  3 
a t t r i b u t e s  it t o  Hanson, e t  a l .  (Ref .  6 ) .  

quotes t h e  ReWe = cons tan t  r e l a t i o n s h i p  and 

The formula t ion  ReWe = cons tan t  can be w r i t t e n  as 

C = cons tan t  p%’d 

0 1  
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and f o r  equal  v e l o c i t y  and drop s i z e ,  t h e  c o r r e l a t i n g  parameter  between 

t w o  flow condi t ions  becomes 

9 = cons tan t  P 

1/2 For  We/Re , 

= cons tan t  2 
0 

and t h e  parameter i s  

2 
(5 - -  - cons tan t  
P P  

Figures  8 and 9 show t h e s e  two cond i t ions .  

A f o u r t h  c o r r e l a t i o n  could be based on Reynolds Number a lone .  

case 

I n  t h i s  

C 
Ud 

P V 
-- - - - - cons tan t  C 
P Ud 

where 

v = L4 = kinematic  v i s c o s i t y  P 

and c o r r e l a t i o n  involves  only the  kinematic  v i s c o s i t y  as shown i n  F ig .  10. 
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A t  t h i s  t ime i t  i s  n o t  ev ident  which, i f  any, of t h e s e  c o r r e l a t i o n s  a r e  

a p p l i c a b l e  t o  the tests be ing  conducted. I t  is. however, of g r e a t  i n t e r -  

e s t  t o  s tudy  the cond i t ions  i n  potassium which would correspond t o  a 

given  condi t ion  of steam. 

potassium vapor corresponding t o  steam a t  130 F a r e  l i s t e d  i n  Table  2 .  

For purposes  of comparison, t h e  c o n d i t i o n s  i n  

TABLE 2 

CORRELATION OF POTASSIUM TO 130 F STEAM 

Drop S ize  (Micron) 
a t  1000 P t / s e c  S i gni  f i can t  

C r i t e r i o n  Parameter Steam a t  130F Potassium a t  1 1 6 0 ~  

We = 13 uL/p = cons tan t  92 82 

We/Re 1/2 = 1  uL /p p = cons tan t  188 108 2 

WeRe = 4000 ~ v / p  = cons tan t  95 85 

Re = 380 V = cons tan t  125 167 

I t  i s  obvious t h a t ,  r e g a r d l e s s  o f  which c r i t e r i o n  i s  chosen f o r  t h e  de- 

s i g n  of  t h e  t e s t  parameters ,  potassium a t  approximately 1160 F w i l l  pro- 

duce d r o p l e t s  which a r e  of t h e  same s i z e  a s  those  produced i n  130 F steam. 

Furthermore,  because t h e  Reynolds number w i l l  be n e a r l y  the  same, t he  f low 

f i e l d  (wake, secondary f low) w i l l  be s imilar .  The t u r b i n e  t e s t  r i g  and 

t e s t  loop were, t h e r e f o r e ,  designed f o r  t h e  130 F steam cond i t ion  t o  s i m -  

u l a t e  t h e  potassium f low i n  a l a t e  s t a g e  of a potassium t u r b i n e .  
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5700 

578 
417 

I -  

188 

95 
125 

~~ ~ r Condit ion 

5700 

578 
417 

MEASUREMENT APPARATUS 

188 

95 
125 

The o b j e c t i v e  of t h i s  program inc ludes  t h e  measurement of t h e  d r o p l e t s  i m -  

p a c t i n g  on t h e  moving b lades  (diameter and speed) and t h e  observa t ion  of  

t h e i r  behavior .  The s i z e  of the d r o p l e t s  t o  be observed h a s  a d i s t i n c t  

bear ing  on t h e  measurement apparatus .  I n  t h e  prev ious  s e c t i o n ,  a d e t e r -  

minat ion o f  t h e  probable s i z e  was shown t o  be t h e  f u n c t i o n  of c e r t a i n  f low 

c r i t e r i n ;  t h e  choice of c r i t e r i o n  was l e f t  undetermined. For  purposes of 

d e s i g n ,  t h e  d r o p l e t  s i z e  occurr ing i n  each case  can be determined, a s  

shown i n  Table 3. 

TABLE 3 

CRITICAL DROPLET DIAMETERS, 

STEAM AT 130 F 

I Diameter.  microns 
u=300 u= 1000 I 

We = 13 I 
We 
p = 1  

WeRe = 4000 

Re = 380 

1020 92 

The d r o p l e t s  which must be measured a r e ,  t h e r e f o r e ,  of c o n s i d e r a b l e  s i z e ,  

and a r e  amenable t o  photographic r e c o r d i n g  and measurement. 

course necessary  t o  t a k e  p i c t u r e s  a t  a framing raie  and exposure t i m e  

which w i l l  s t o p  t h e  d r o p l e t  motion. 

I t  i s ,  o f  



Within t h e  nozzle and a t  i t s  e x i t .  d r o p l e t  motion w i l l  be slow, on t h e  

o r d e r  of 100 t o  300 f t / s e c .  

a d r o p l e t  w i l l  t r a n s l a t e  from 0 . 2  t o  0.6 i n c h  between frames. 

w i t h  a F a s t a x  camera i s ,  t h e r e f o r e ,  s u f f i c i e n t  t o  r e c o r d  t h i s  phenomenon. 

Subsequent p r o j e c t i o n  on a Vanguard a n a l y z e r  y i e l d s  m a g n i f i c a t i o n  f o r  

measurement of t he  d r o p l e t  diameter  and motion. 

nozzle  and moving blade row, v e l o c i t i e s  i n  excess  of 1000 f t / s e c  w i l l  be 

observed.  

w i l l ,  t h e r e f o r e ,  be r e q u i r e d .  The use of a high-speed Beclanan and Whitley 

camera i s  planned. 

Systems, use of a laser i s  contemplated as a high-speed l i g h t  source .  

A t  a framing r a t e  o f  6000 frames p e r  second. 

Recording 

I n  t h e  gap between t h e  

Much g r e a t e r  camera framing r a t e s  and smaller exposure t i m e s  

A s  w i l l  be d e s c r i b e d  i n  t h e  s e c t i o n  on Laser  P u l s i n g  

NOZZLE TESTS 

T o  determine the p o s s i b i l i t y  of measuring t h e  s i z e  and v e l o c i t y  of t h e  

d r o p l e t s  which propagate through,  and agglomerate i n  t h e  t u r b i n e  nozz le ,  a 

s e r i e s  of t e s t s  were made t o  photograph t h e  drops.  A s  a secondary objec- 

t i v e  f o r  t h e s e  t e s t s ,  t h e  comparative e f f e c t s  of c r e a t i n g  w e t  steam by 

expansion through a t u r b i n e  and by i n j e c t i o n  of water  were e v a l u a t e d .  

Pre l iminary  Nozzle Test  Loop 

While t h e  nozzle t e s t  loop was being assembled, p r e l i m i n a r y  checks were 

made using r? small ,  e x i s t i n g  steam loop. T h i s  t e s t  s e t u p  i s  shown i n  

F i g .  11. The b o i l e r ,  loca ted  ou t  of s i g h t  on t h e  l e f t ,  d e l i v e r s  steam 

through t h e  i n j e c t i o n  v e n t u r i  t o  t h e  t e s t  chamber, The record ing  camera, 

a Fnstnx camera us ing  a h igh  magni f ica t ion  l e n s ,  and t h e  power supply f o r  

a pulsed Xenon l i g h t  source which i s  synchronized w i t h  t h e  camera a r e  a l s o  

shown. 

- I  
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The t e s t  r i g  used f o r  t h e s e  i n i t i a l  t e s t s  was i d e n t i c a l  w i t h  t h a t  used 

i n  t h e  l a t e r  nozzle  t e s t s .  It c o n s i s t s  of a nozz le  diaphragm mounted 

i n  a f langed  i n l e t  cone, wi th  a c a s t  a c r y l i c  exhaus t  chamber through 

which t h e  high-speed photographs a r e  taken .  The nozz le  diaphragm i s  

e s s e n t i a l l y  t h e  same a s  t h e  d e s i g n  f o r  t h e  h i g h  mois ture  s t a g e  of t h e  

r o t a t i n g  t e s t s .  The exhaust  chamber c o n s i s t s  of two c o n c e n t r i c  t u b e s  

w i t h  t h e  r e s u l t i n g  annulus  c l o s e d  a t  one end and open t o  t h e  nozz le  f low 

a t  t h e  o t h e r .  To avoid thermal  expansion problems, t h e  e n t i r e  exhaus t  

chamber i s  f a b r i c a t e d  from a c r y l i c ,  i n c l u d i n g  a t a n g e n t i a l  f l a n g e d  e x i t  

p ipe  which i s  connected t o  t h e  loop exhaust  p i p i n g  through a f l e x i b l e  

j o i n t .  The open end of t h e  chamber i s  pressed  a g a i n s t  t h e  nozz le  f a c e  

through g a s k e t s  by r e l a t i v e l y  long b o l t s  t o  permit  r a d i a l  expa-*sion 

r e l a t i v e  t o  t h e  nozz le  f a c e .  The r e g i o n  i n s i d e  t h e  i n n e r  a c r y l i c  t u b e  

i s  open t o  t h e  atmosphere t o  permit  placement of t h e  l i g h t  source system. 

A c l o s e d  box-shaped h o l e  h a s  bee.1 provided i n  b o t h  t u b e s  t o  permit  place-  

ment of a m i r r o r  f o r  an a x i a l  view of t h e  nozz le  t r a i l i n g  edges.  

The nozzle  block can be seen  i n  t h e  m i r r o r  i n  F i g .  12. F i g u r e  13 shows 

t h e  g e n e r a l  shape and dimensions of t h e  n o z z l e s  t e s t e d .  The t e s t s  were 

r u n  a t  nozz le  e x i t  p r e s s u r e s  of 2 . 5  t o  3 p s i a  and vapor v e l o c i t i e s  of 

600 and 1200 f t / s e c .  

8 p e r c e n t  f o r  a l l  runs  a s  ob ta ined  by i n j e c t i o n  of a metered amount of 

d i s t i l l e d  water  i n t o  t h e  vapor stream a t  t h e  t h r o a t  of a s p e c i a l  v e n t u r i  

between t h e  b o i l e r  and t h e  nozz le  block.  Observat ion of t h e  high-speed 

f i l m s  obtained i r :  t h e s e  t e s t s  showed t h e  occurence of accumulated puddles  

of water  which remained a t t a c h e d  t o  t h e  t r a i l i n g  edge a t  about t h e  cel i ter  

of t h e  wake a s  shown i n  F i g .  14.  These puddles  were s u b j e c t  t o  c o n s t a n t  

r i p p l i n g  and d i s t o r t i o n  under t h e  b u f f e t i n g  of t h e  wake t u r b u l e n c e .  A t  

random i n t e r v a l s ,  d r o p l e t s  and s h e e t s  were s t r i p p e d  o f f  and e n t r a i n e d  i n  

t h e  vapor stream, f r e q u e n t l y  i n  c o n s i d e r a b l e  profus ion .  B r i t i s h  re- 

s e a r c h e r s  have r e p o r t e d  s i m i l a r  phenomena except  t h a t  pendulous drops 

The nozz le  i n l e t  m o i s t u r e  c o n t e n t  was approximately 
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5M35-12/6/65-c 1B 

Figure 12. Nozz le  Test Rig Assembly 

27 



I!@ ROCYETDYNE A D I V I S I O N  O F  N O R T H  A M E R I C A N  A V I A T I O N ,  I N C  

SECTION A-A 

RADIAL VIEW 

F i g u r e  13. N o z z l e  Dimens ions  
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r a t h e r  t h a n  f l a t  puddles were observed by them. 

t o  t h e  shape of t h e  t r a i l i n g  edge of t h e  s t a t o r  b l ade .  

noted t h a t  t h e  motion of t h e  puddles  was q u i t e  i r r e g u l a r  compared t o  

t h e  p e r i o d i c  motion of t h e  pendulous drops a s  r e p o r t e d  by Hays (Ref.  7 ) .  

This  i s  probably due 

I t  was a l s o  

For  t h e  lower vapor v e l o c i t y  runs  (600 f t / s e c ) ,  a s i n g l e  puddle was formed 

nea r  t h e  cen te r  of t h e  b lade  span a s  i n  F i g .  14. 

r u n s ,  s e v e r a l  puddles  were formed. 

formed nea r  the  c e n t e r  of t h e  span r a t h e r  t h a n  nea r  t h e  t i p  as  i n  ob- 

s e r v a t i o n s  with long narrow nozz le s  such a s  used i n  l a r g e ,  l o w  p res su re  

t u r b i n e s .  

For  t h e  1200 f t / s e c  

It  i s  s i g n i f i c a n t  t h a t  t h e  puddles  

The shedding of d r o p l e t s  from t h e  t r a i l i n g  edge was n o t  conf ined  t o  

s t r i p p i n g  from t h e  puddles .  Narrow s t reams running t h e  v i s i b l e  l e n g t h  

of t h e  suc t ion  s u r f a c e  f e d  t h e  puddles ,  b u t  some a l s o  r a n  of f  t h e  edge 

wi thou t  apparent  bu i ldup  o r  h e s i t a n t  a c t i o n .  

on t w o  ad jacent  s u c t i o n  s u r f a c e s  i n  F i g .  14. 
i n  t h e  r e l a t i v e l y  f i x e d  s t reams may be observed i n  sequences of many 

frames. 

by t h e  secondary f low v o r t i c e s  i s  a l s o  seen i n  t h e  f i l m s .  

The s t reams may be seen 

The r i p p l i n g  of t h e  f low 

The sweep of t h e  s t reams toward t h e  t i p  (on  t h e  s u c t i o n  s u r f a c e )  

An i n t e r e s t i n g  obse rva t ion  about  t h e  f eed ing  of t h e  puddles  w a s  t h a t  

t h e y  appa ren t ly  were f e d  from t h e  p re s su re  s u r f a c e  a s  w e l l  a s  from t h e  

s u c t i o n  su r face .  Review of some f i l m s  shows t h e  onse t  o f - t h e  puddle w i t h  

t h e  l i q u i d  coming from t h e  acu te  edge and g r a d u a l l y  moved toward t h e  

l a r g e r  puddles nea re r  t h e  c e n t e r .  

A c loseup  of drops be ing  s t r i p p e d  from one of t h e  puddles  i s  shown i n  

F i g .  15. The s t r i p p i n g  s t a r t s  as  a long tongue wi th  a r a t h e r  t h i n  neck 
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which quickly breaks up into small drops. Frequently the stripping 
appears to be in sheets which immediately break into many drops of about 

the same size. The tongue and neck type of stripping is characteristic 

of the "primary" atomization described by Westinghouse (Ref. 8 ).  

After the initial breakup, the drops are accelerated rapidly, apparently 

without further disintegration. The size of the droplets in Fig. 15 is 

50 to 100 microns, which is typical of all the drops measured at 1200 

ft/sec. 
on the critical Weber number criterion used by Gardner (Ref. 3 ) as shown 

in Fig. 16. The drops measured at 600 ft/sec vapor velocity were 100 to 

270 microns in size which a l s o  agrees well with the Weber number predic- 

tion of 230 microns. 

This agrees well with the previous estimate of 60 microns based 

Nozzle Test LOOD 

The test results obtained were subsequently confirmed and expanded in 

nozzle tests. Results were also obtained comparing water injection and 

turbine expansion as methods of obtaining wet vapor. With injection, a 

metered amount of water is injected into the turbine inlet line at the 

throat of a venturi; with expansion, the steam is passed through a turbo- 

pump where work is extracted to produce wetness. 

test loop with the injection venturi attached to the test chamber. 

alternate connection to the expansion turbine is also shown. The bypass 

from the expansion turbine (exhausting directly to the condenser) is used 

to control the inlet pressure to the test chamber while allowing sufficient 

flow through the expansion turbine to produce good efficiency and a high 

degree of wetness. The test chamber is the same as that used previously 

in the preliminary nozzle tests. 

Figure 17 shows the 

The 
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Figure 1 7 .  Turbine Erosion Program, Nozzle  Tes t  F a c i l i t y  



A wide range of t e s t  parameters were used t o  observe t h e  d i f f e r e l i t  e f f e c t s  

on moisture  formation. Table 4 l i s t s  t h e  range of c o n d i t i o n s  used and 

some of t h e  r e f e r e n c e  condi t ions .  A s  can be seen ,  t h e  f i v e  c o n d i t i o n s  

encompass t h e  fol lowing matrix:  

Condi t ion Pressure Ve l o c i  t y Moisture  

1 Low High High 

2 Low High Low 

3 Low Low High 

4 High High High 

5 High Low High 

I n  a d d i t i o n  t o  t h e  t e s t s  ind ica ted  i n  Table 4, t e s t s  were made u s i n g  no 

i n j e c t i o n  a t  each c o n d i t i o n  as  a r e f e r e n c e .  

Tes t  d a t a  were obtained over t he  range of  c o n d i t i o n s  i n d i c a t e d .  Both 

high-speed ( F a s t a x )  and convent ional  (64 frames per  second) motion pic-  

t u r e s  were obtained.  

I n  g e n e r a l ,  t h e  fo l lowing  observa t ions  apply:  

1. With i n j e c t i o n ,  l a r g e  d r o p l e t s  are propagated through t h e  nozz le  

r i n g .  These a r e ,  q u i t e  probably,  c a r r i e d  over from t h e  i n l e t  

l i n e  where t h e  moistul-e remains on t h e  w a l l  of t h e  l i n e .  To 

observe t h i s ,  a s h o r t  t r a n s p a r e n t  s e c t i o n  was included j u s t  a- 

head of  t h e  t e s t  t u r b i n e  i n l e t .  F i g u r e  18 shows s h o r t - d u r a t i o n  

s t i l l  photos taken  a t  t h i s  s e c t i o n  dur ing  a n  i n j e c t i o n  t e s t .  

Two t y p e s  o f  condi t ions  w e r e  observed;  normally,  s t e a d y  s t reams 

of small  drops propagated down t h e  w a l l  of t h e  tube .  Although 
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TABLE 4 

SUMMARY OF TEST CONDITIONS 

c 

I n l e t  P r e s s u r e ,  ps ia  4.5 4 . 5  
Exhaust  Pressure ,  p s i n  

I n l e t  Moisture ,  Percent  I 
Exhaust  M o i s t u r e ,  Percent  11.0 7.0 
Steam Velocity,  f t / s e c  1438 1450 

In Numl 
7 

2.8 

2.26 
10.1 

11.0 

807 

1/5 
9 . 6  6 . 2  
5.0 I 5 . 0  
8 . 2  10.1 

11.0 11.0 

1433 807 
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Figure 18. Inlet Distribution 
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it i s  n o t  e v i d e n t  from t h e  photograph, o b s e r v a t i o n s  made dur ing  

t h e  t e s t  showed v i r t u a l l y  no v i s i b l e  drops  i n  t h e  s t ream i t s e l f .  

P e r i o d i c a l l y ,  smal l  r i v u l e t s  (shown i n  t h e  lower p o r t i o n  of 

F i g .  18) were observed. Simultaneously w i t h  t h e i r  passage ,  

d r o p l e t  a c t i v i t y  i n  t h e  nozz le  was g r e a t l y  i n c r e a s e d  showing 

t h e  c o r r e l a t i o n  between water  c a r r y o v e r  and d r o p l e t  shedding. 

2. I t  i s  u s u a l  t o  f i n d  a f a i r l y  l a r g e  puddle on  t h e  t r a i l i n g  edge 

of t h e  n o z z l e s .  F i g u r e  14 shows t h e  puddle ,  which o s c i l l a t e s  

a t  a n  approximate per iod  of 0.010 seconds,  and sheds d r o p l e t s  

i n  a manner very  s i m i l a r  t o  t h a t  p r e d i c t e d  by Pouchot (Ref.  8 ) 
and labe led  s h e e t  a tomiza t ion .  I t  must be noted  t h a t  no s h e e t  

i s  ev ident  on t h e  s u c t i o n  s u r f a c e  as p o s t u l a t e d  by Pouchot.  

3. A puddle is  sometimes observed on t h e  s u c t i o n  s u r f a c c .  

be seen i n  F ig .  19.  The e x a c t  r e a s o n  € o r  t h e  e x i s t e n c e  o f  t h i s  

puddle i s  n o t  known b u t  t h e  f a c t  t ha t  i t  does e x i s t  i s  evidence 

t h a t  i t  may be r e l a t e d  t o  a r e g i o n  of s e p a r a t i o n .  

t i o n  may be due t o  t h e  shape of t h e  t e s t  assembly and/or o f f -  

design f low c o n d i t i o n s .  

T h i s  can 

The separa-  

4. With t u r b i n e  expansion,  drops approximately 400 microns i n  

diameter can be seen  moving down t h e  s u c t i o n  s u r f a c e .  The drops  

move i n  t h e  same t r a c k  and show c o n c l u s i v e l y  t h a t  no s h e e t  f o r -  

mation i s  s u s t a i n e d .  Drople t  motion,  a s  observed on t h e  Vanguard 

Motion Analyzer ,  i s  shown i n  F i g .  20. The a c t u a l  v e l o c i t y  of 

t h e  drops (viewed a x i a l l y )  a s  t h e  t r a i l i n g  edge i s  approached 

i s  only about 1 inch  per  second whi le  t h e  f r e e  s t ream v e l o c i t y  

i s  i n  e x c e s s  of 1000 f e e t  per  second. Once t h e  drop passes  t h e  

edge of t h e  b l a d e ,  it a c c e l e r a t e s  v e r y  r a p i d l y .  

5. I t  appears somewhat unusual  t h a t  water  drops  should propagate  

over a s t a i n l e s s  s t e e l  s u r f a c e  as v e r y  d i s t i n c t ,  round d r o p s ,  

somewhat l i k e  drops on a non-wetting s u r f a c e .  Good w e t t i n g  
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would be expec ted ,  and t h i s  l e d  t o  a n  i n v e s t i g a t i o n  of t h e  con- 

d i t i o n s  involved.  The s u r f a c e s  had been thoroughly  c leaned  wi th  

acetone and d i s t i l l e d  water  t o  ensure  t h a t  no o i l  f i l m  would 

e f f e c t  t h e  r e s u l t s .  A supplemental  experiment w a s  made t o  de- 

te rmine  t h e  n a t u r e  of t h e s e  obse rva t ions .  Using t h e  nozz le  

b lock ,  a drop of water was p laced  on t h e  b l ade  and found t o  

spread  as  expected. 

and l i t t l e  d i s t i n c t  drops were dragged over t h e  b lade .  The f o r -  

mat ion of t h e  drops i s ,  t h e r e f o r e ,  a f u n c t i o n  of t h e  mechanics 

of f low,  and shee t  a tomiza t ion  i s  n o t  observed. 

With a s t ream of a i r ,  t h e  drop was t o r n  up 

D e t a i l s  of t h e  d r o p l e t  shedding process  can be  observed i n  Fig .  21 which 

shows 16 consecut ive  frames of a Fas t ax  motion p i c t u r e  encompassing a 

d u r a t i o n  of 0.0075 seconds.  

and a f i n g e r  of f l u i d  moves out.  The d r o p l e t  de taches  i n  Frame 8 and 

a c c e l e r a t e s  through Frarqes 9 ,  10, and 11 and i s  out  of view i n  Frame 12 

a s  t h e  f i n g e r  moves t o  t h e  s ide .  A second d r o p l e t  de t aches  i n  Frame 11 

as t h e  f i n g e r  recedes  and t h e  o s c i l l a t i o n  r e c u r s .  Drople t  diameter  i s  

approximately 850 microns.  

The puddle on t h e  t r a i l i n g  edge o s c i i l a t e s  

Eva lua t ion  of T e s t s  

The r e s u l t s  of t h e  nozz le  t e s t s  confirmed t h e  s i z e s  of t h e  d r o p l e t s  t o  

be observed and showed t h a t  Fas tax  photography could be used t o  observe 

t h e  drops.  It  was a l s o  shown t h a t  puddles  of cons ide rab le  s i z e  were 

found on t h e  w a l l s  of t h e  s t a t o r  and t h a t  t h e s e  gene ra t ed  drops which 

would impact on t h e  s t a t o r  wi th  cons ide rab le  f o r c e  becauae of t h e i r  l a r g e  

s i z e  and low v e l o c i t y .  
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Figure 21.  Droplets  Leaving T r a i l i n g  Edge of  Web 
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The s i z e  of t h e  d r o p l e t  p r e d i c t e d  f o r  f o u r  condi t ions :  We = 13, 
We/Re 1/2 = 1, WeRe = 4000, and Re = 380, i s  shown i n  F i g .  22 t o g e t h e r  

w i t h  t y p i c a l  measured d a t a  p o i n t s .  

i s  confirmed a l though t h e r e  i s  l i t t l e  i n d i c a t i o n  which of t h e  t h e o r e t i c a l  

curves  i s  c o r r e c t .  

The o r d e r  of magnitude of  t h e  drops 

TURBINE TESTS 

The i n i t i a l  t e s t s  us ing  t h e  Fastax camera showed t h a t  d r o p l e t s  o r i g i n a t -  

i ng  on t h e  w a l l s  of t h e  s t a t o r  would lend themselves t o  photographic 

a n a l y s i s .  Provis ion  had t o  be made i n  t h e  t e s t  r i g  t o  provide proper  

l i g h t i n g  and viewing. Drople ts  moving wi th  t h e  s t ream,  o r  t h e  impact 

on b l a d e s  moving a t  high v e l o c i t y  (800 f t / s e c )  could n o t  be observed,  

of course.  Ultra-high-speed photographic techniques  us ing  a Beckman 

and Whi t t ley  high-framing r a t e  camera were i n v e s t i g a t e d .  Both l a s e r  

p u l s i n g  and Xenon l i g h t  sources  were considered.  The l a s e r  technique  i s  

t h e  faster of the two, - , e m i t t i n g  e q o s u r e  times down t o  13 nanoseconds 

whi le  t h e  Xenon system is l imi ted  t o  approximately 40 nanoseconds. 
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FABRICATION OF TURBINE WHEl3.L 

MATERIAL SELECT I ON 

To study the material properties which may effect the erosion process, 

tests were planned using four materials under identical conditions. 

involved the use of demountable blades so that all four materials could 

be used at the same time, and so that select blades could be changed to 

determine the effects of changing steam conditions. 

This 

The initial considerations depended on the selection of materials which 

would show erosion in a reasonable time period, which would span a range 

of material properties, and which would have sufficient strength to per- 

mit safe operation. Original correlation was based on a modification to 

the single-impact threshold velocity given by &gel (Ref. 9 ).  
siderations showed that this equation may yield velocities which are too 

high. The simple water-hammer equation was adopted as a design criterion. 

A s  shown in Ref. 10, the total pressure rise at the solid surface caused 

by an impacting drop is 

Later con- 

where 

P =  

c =  
v. = 
1 

density of iluid, slugs/ft 3 

sound velocity in the fluid, ft/sec 

impact velocity, ft/sec 
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Under repeated impact, the metal may be expected to fail when a sufficient 

number of cycles have been encountered at the impact stress, or 

where S 

On this basis, the threshold velocity (ft/sec) for various materials in 

steam is: 

= fatigue endurance limit, psi F 

Haynes 25 

K Monel 

AISI 316 Steel 

10% Aluminum Bronze 

Tens-50 Aluminum 

Pure Copper (unannealed) 

Pure Aluminum (2s-0) 

Pure Aluminum (annealed) 

Pure Nickel (annealed) 

Pure Tantalum (annealed) 

Pure Molybdenum (annealed) 

1060 

700 

590 
340 

710 
280 

200 
81 

280 

310 
470 

The maximum allowable tip speed based on stress considerations was also 

calculated. On this basis, it was decided to fabricate blades of pure 

aluminum, pure copper, Tens-50 aluminum and AISI 316 steel. The pure 

aluminum would demonstrate whether or not damage can be obtained at low 

speed; the pure copper and Tens-50 aluminum have nearly equal threshold 

velocities; and the steel would afford a direct comparison to later 

potassium tests. Limiting turbine speed is 800 ft/sec. 



FABRICATION OF BLADES 

A s  discussed  above, b lades  made of pure  copper ,  pure  aluminum, high- 

s t r e n g t h  aluminum, and s t a i n l e s s  s t e e l  were s e l e c t e d  € o r  i n c l u s i o n  i n  t h e  

t e s t  t u r b i n e .  To make t h e s e  blades demountable, a blade w i t h  a f i r  t r e e  

r o o t  w a s  chosen. The d e s i g n  of  t h i s  r o o t  s e c t i o n  i s  a Roclietdyce stand- 

a r d  which makes i t  p o s s i b l e  t o  reduce b lade  c o s t s  by u s i n g  e x i s t i n g  

broaches and g r i n d i n g  wheels.  

shape which w a s  adapted from a d e s i g n  €or  t h e  f low of superheated 1600 F 

potassium. D e t a i l e d  des ign  was based on f low parameters  developed and 

used a t  Rocketdyne on a previous program and toolr i n t o  account  t h e  low 

Reynolds number encountered (Ref. 11). The r o o t  s e c t i o n  w a s  ground t o  

provide  a f i t  i n  t h e  broached t u r b i n e  wheel which i s  made from a Waspalloy 

f o r g i n g .  Figure 4 shows t h e  f i r s t -  and second-stage wheels.  Waspalloy 

w a s  chosen f o r  t h e  wheel m a t e r i a l  s o  t h a t  t h e  wheels could be used i n  t h e  

f u t u r e  i n  a potassium environment. 

Blade p r o f i l e s  were c a s t  t o  a predetermined 

The c a s t i n g  process  does not  produce as smooth a f i n i s h  on t h e  b lades  as 

might be d e s i r e d .  However, c a s t i n g  i s  f r e q u e n t l y  employed i n  pro to type  

systems and i s ,  t h e r e f o r e ,  a r e a l i s t i c  f a b r i c a t i o n  method. For measure- 

ment of e ros ion  e f f e c t s ,  t h e  i r r e g u l a r i t i e s  se rved  as p o s s i b l e  damage 

c e n t e r s  and observa t ion  of  t h e i r  i n f l u e n c e  w a s  f e l t  t o  be i n s t r u c t i v e .  

The i r r e g u l a r i t i e s  appear  t o  have had no e f f e c t  ( b e n e f i c i a l  o r  d e t r i m e n t a l )  

on e r o s i o n .  
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TESTING 

The t e s t s  conducted t o  observe t h e  d r o p l e t s  propagat ing  through t h e  s t a t o r  

b lock  were descr ibed  i n  t h e  s e c t i o n  d e a l i n g  wi th  t h e  measurement a p a r a t u s  

In  t h i s  s e c t i o n  t h e  t e s t s  using t h e  s p e c i a l  two-stage t u r b i n e  w i l l  be 

descr ibed .  These tests a r e  c u r r e n t l y  be ing  conducted. Evalua t ion  and 

a n a l y s i s  o r  t h e  r e s u l t s  w i l l  be given i n  t h e  n e x t  s e c t i o n .  

TEST SETUP 

Both t h e  t e s t  r i g  and t h e  t e s t  loop  w e r e  descr ibed  p r e v i o u s l y  The \ l a d e s  

and t h e i r  method of f a b r i c a t i o n  were a l s o  d i s c u s s e d .  

TEST OBJECTIVES 

The o b j e c t i v e  of t h e  t e s t  program was t o  s u b j e c t  b l a d e s  made of f o u r  

m a t e r i a l s  t o  t h e  i d e n t i c a l  t e s t  c o n d i t i o n s .  This  was done by p l a c i n g  

rep laceable  b l a d e s  on one wheel. I n  t h i s  way, a l l  b l a d e s  were exposed 

on equal  amounts of time t o  each of t h e  p r e s e t  c o n d i t i o n s .  

STATUS 

The t e s t  program i s  c u r r e n t l y  under way. 

completed us ing  t h e  copper ,  Tens-50 aluminum, and s t a i n l e s s - s t e e l  b l a d e s .  

A coord ina ted  s e r i e s  of  seven 25-hour t e s t s  i s  now being  conducted t o  

determine t h e  e f f e c t s  of t i p  speed,  w e t n e s s ,  and spac ing  on t h e  e r o s i o n  

of t h e  b l a d e s .  

eva lua ted .  C o r r e l a t i o n  w i t h  m a t e r i a l  p r o p e r t i e s  i s  under way. 

I n i t i a l  checkout t e s t s  were 

Data on weight l o s s  a r e  b e i n g  obta ined  and a r e  b e i n g  



TEST SEQUENCE 

Checkout T e s t  

A wheel u s i n g  copper ,  Tens-50 aluminum, and s t a i n l e s s  s t e e l  b l a d e s  was 

operated i n  a checkout t e s t  where each of t h e  b l a d e s  was exposed t o  a 

v a r i e t y  of condi t ions .  The wheel 

i s  composed of 42 b l a d e s ,  s o  t h a t  14 b l a d e s  of each m a t e r i a l  were 

included.  For  b a l a n c i n g  purposes ,  t h e  b l a d e s  were p laced  i n  groups of 

seven. Table 6 shows t h e  weight  of each b l a d e  b e f o r e  and a f t e r  t h e  

accumulated t e s t  t ime shown i n  Table 5 .  Damage incur red  by t h e  aluminum 

blades  i s  very c o n s i s t e n t , w i t h  t h e  spread i n  weight l o s s  be ing  l i m i t e d  

t o  a r e l a t i v e l y  narrow range a s  i n d i c a t e d .  The apparent  weight  g a i n  

i n  copper i s  a t t r i b u t e d  t o  s u r f a c e  o x i d a t i o n .  

Table 5 shows t h e  c o n d i t i o n s  used. 

During t h e  checkout t e s t ,  t h e  impact v e l o c i t y  o f  t h e  water  drops  h i t t i n g  

the  moving blade was 240 f t / s e c  which i s  i n  excess  o f  t h e  c a l c u l a t e d  

t h r e s h o l d  v e l o c i t y  f o r  pure  aluminum (81 f t / s e c ) .  

i s  t o  be expected. For t h e  Tens-50 aluminum, t h e  c a l c u l a t e d  t h r e s h o l d  

v e l o c i t y  i s  310 f t / s e c .  

o p e r a t i o n  above 10,000 rpm w a s  approximately 285 f t / s e c .  

was observed, the  c a l c u l a t e d  t h r e s h o l d  v e l o c i t y  may be h i g h  due t o  vari- 

a t i o n s  i n  m a t e r i a l  p r o p e r t i e s ,  o r  t h e  e s t i m a t e d  impact v e l o c i t y  i s  low. 

In t h i s  ca se ,  e r o s i o n  

The average impact v e l o c i t y  f o r  t h e  12  hours  of 

Because e r o s i o n  

Figures  23,  24 and 25 show p i c t u r e s  of t y p i c a l  blades of each material  

taken b e f o r e  and a f t e r  t h e  t e s t .  I n  each case ,  t h e  b l a d e s  are magnif ied 

approximately s i x  t imes.  The c a s t i n g  p r o c e s s  produces some roughness 

on t h e  b lade  s u r f a c e .  

appear t o  be r e l a t e d  t o  t h e  i r r e g u l a r i t i e s  i n  t h e  s u r f a c e .  The damaged 

a r e a  i s  v e r y  s h a r p l y  def ined  on t h e  aluminum b l a d e s ,  b u t  t h e  s t a i n l e s s  

s t e e l  and copper b l a d e s  show no damage. T h i s ,  of c o u r s e ,  c o r r e l a t e s  

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  e r o s i o n  does n o t  
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TABLE 5 

SUMMARY OF TEST CONDITIONS CHECKOUT TEST 

Date, 

23 Sept  . 
26 Sep t .  

27 Sep t .  

28 Sep t .  

29 S e p t .  

1966 

30 Sept .  

4 Oct. 

5 Oct. 

6 Oct. 

T o t a l  

Durat ion 
hr/min ' 

0/20 

4/2 5 

0/3 0 

2/5 

1/55 

2/5 0 

2/15 

4/10 

19/30 

T i p  
Speed, 

144 

160 

181 

319 

239 t o  
385 

f p s  

23 1 

335 

335 

280 

Speed, 
r p m  

5,400 

6,000 

6,800 

12,000 

9,000 t o  

8 ,700  

12,600 

14,500 

12,600 

i o ,  500 

3s t i m a  t e d  
Haximum 
Impa c t 

? e l o c i t y ,  

120 

f p s  

140 

150 

290 

335 

190 

295 

295 

255 

P r e s s u r e ,  
i n .  Her 
I n l e t  

10 .8  

10.8 

10 .8  

10 .8  

8.0 

13.0 

19.0 

19.0 

19.0 

bs o l u  t e  
O u t l e t  

8.5 

8.5 

8.5 

8.5 

3.0 

8.0 

13.0 

13.0 

14 .0  



TABLE 6 

WEIGHT DATA FOR BLADES CBECKOUI' TEST 

Blade 
hmb e r 

1 

2 

3 
4 

5 
6 
7 
8 

9 
10 

11 

12 

13 
14 

15 
16 
17 
18 

19 
20 

2 1  

22 

23 

Materia 1 

316 
316 
316 
316 
316 
316 
316 
Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

T- 50 
T- 50 
T- 50 
T- 50 
T- 50 
T- 50 
T- 50 
316 
316 

Weight 

S t a r t  

10.3000 
10.4232 

10.3925 
10.4046 
10.5219 
10.4344 
10.4233 
11.5780 
11.6776 
11.6687 
11.7235 
11.5464 
11.6160 
11.8291 

3.5353 
3.6289 
3.5571 
7 5735 
3.5664 
3.5430 
3.6070 

10.5348 
10.4468 

grams 

F i n i s h  

10 2999 
10.4232 
10.3924 
10.4044 

10.5218 
10.4341 
10.4235 
11 * 5785 
11.6427 
11.6692 
11.7239 
11.5467 
11.6169 
11.8294 
3.5267 
3.6035 
3.5483 
3.5641 
3.5577 
3.5343 
3.5981 

10.5348 
10.4468 

Weight Change 
m i  11 igram 

-0.1 

0 

-0.1 

-0.2 

-0.1 

-0.3 
+0.2 

+o. 5 

4 . 5  
+0.4 

4 . 3  
+o. 9 
+0.3 

* 

-8.6 
* 
-8.8 

-9.4 
-8.7 
-8.7 
-8.9 

0 

0 
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10.4738 
Copper 11.6730 

3.5777 

. 

10.4738 0 

11.6736 +O. 6 
3.5688 , -8.9 

Blade 
hub e r 

24 

25 
26 
27 
28 

29 
30 
31 
32 
33 
34 

35 
36 
37 
38 
39 
40 

41 

42 

Mat e r i a 1 

316 
3 16 
3 16 
316 
316 
Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

T-50 
T-50 
T- 50 
T-50 
T-50 
T- 50 
T- 50 

TABIJ3 6 
(Concluded) 

Weight, grams 

S t a r t  

io. 5623 

10 4577 
10.6560 
10.4905 

10 5853 
11 7059 
11.4189 
11.8146 
11.7076 
11.7272 

11 7909 
11.6216 
3 5928 
3.6104 
3.6038 

3 5898 
3 5705 
3.5831 
3.6297 

AVERAGES 

- 

Finish 

10.5622 

10.6560 
10.4578 

10.4905 

10.5855 
11.7067 
11.4193 
11.8151 
11.7083 
11.7280 
11.7918 
11.6226 

3 5850 
3.6026 

3.5940 
3.5799 
3.5610 

3 5742 
3.6119 

- 

Weight Change , 
m i l l i p r a m  

-0.1 

+o. 1 

0 

0 

4 . 2  

+0.8 

+0.4 

+o. 5 
+0.7 
4 . 8  

+O. 9 
+1.0 

-7.8 
-7.8 
-9.8 

-9.9 
-9.5 
-8.9 
* 

*Blade required clearance gr inding dur ing  i n s t a l l a t i o n  
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0 . 1  I- in.-l 

S c a l e  
(Approximate) 

Before 

A f t e r  

F igure  23. S t a i n l e s s  S t e e l  Blade, N o ,  4,Checkout Test 
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0.1- 
l- in.  I 

Before 

A f t e r  

Figure  24. Pure Copper Blade,  No.  11,Checkout Test 
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A f t e r  

Figure 25. Tens-50 Aluminurp Blade, No. 39,Checkout T e s t  
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t In. 0 - 1 4  - 
S c a l e  

(Appr oxirnate ) 
Before 
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w i t h  the  d a t a  i n  Table 6 .  
over  the blade l e n g t h  except  f o r  the t i p  where excess ive  damage might  

be expected because of carryover  on the  w a l l s  of the  throwoff from the  

previous  s t a g e  . 

The a r e a  of damage i s  uniformly d i s t r i b u t e d  

To analyze the  e ros ion  p a t t e r n s ,  Fas tax  p i c t u r e s  were taken through the 

window i n  the t u r b i n e  housing ( see  F ig .  2)  t o  observe the  water  d r o p l e t  

p a t h .  Drople t  s t reamers  were observed pass ing  through the  s t a to r .  These 

s t r eamers  a r e  about  1000 microns i n  width and the  drops r e s u l t i n g  from 

t h e i r  eventua l  breakup a r e  340 microns i n  d iameter .  

The checkout t e s t s  showed t h a t  e r o s i o n  would take  p l a c e  a f t e r  wet opera- 

t i o n ,  bu t  because no p a r t i c u l a r  t e s t  cond i t ion  w a s  main ta ined ,  only com- 

p a r a t i v e  q u a l i t a t i v e  eva lua t ion  w a s  p o s s i b l e .  A s e r i e s  of t e s t s  a t  

cons t an t  cond i t ions  was the re fo re  planned.  

Q u a l i t y  and Speed Tes t s  

I n  the i n i t i a l  checkout t e s t ,  the fou r  t e s t  m a t e r i a l s  were sub jec t ed  t o  

wet steam es t imated  t o  con ta in  5-percent mois ture ,  a t  t he  t e s t  t u r b i n e  

i n l e t .  Tip speeds and impact v e l o c i t i e s  were as shown i n  Table 5. The 

v e l o c i t i e s  a r e  above the  threshold  speed f o r  pure aluminum (81 f p s )  and 

nea r  the  th reho ld  speed f o r  Tens-50 aluminum (310 f p s )  and pure  copper 

(280 f p s ) .  

speed € o r  AIS1 316 s t e e l  (590 f t / s e c ) .  

b l ades .  F igures  26, 27, 28, and 29 show t y p i c a l  b lade  s u r f a c e s  be fo re  

and a f t e r  t h i s  and the  subsequent t e s t .  The damage t o  the  pure  aluminum 

i s  very severe  wi th  deep r u t s  iii evidence.  The Tens-50 aluminum i s  a l s o  

badly eroded, a l though t h e  r u t s  do no t  appear .  

The impact v e l o c i t y  i s  cons iderably  lower than  t h e  th re sho ld  

Table 7 l i s t s  the  weight of t h e  

The copper and s t e e l  b lades  
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Blade 
Numb e r 

101 

102 

103 

104 

105 

106 

107 
108 

109 
110 

111 

112 

113 
114 

115 

116 

117 
118 

119 
120 

121 

122 

123 
124 

Mat e r i a1 

316 
316 
316 

Aluminum 

Aluminum 

Aluminum 

Aluminum 

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

T-50 

T-50 

T-50 

T-50 

T-50 

T-50 

T-50 

316 
316 
316 

b 
0 Hours 

10.5124 

10.5099 

10.4235 

3.6643 

3.4452 

3.6314 

3.6689 
11.7400 

12.0542 

11.3167 
11.6540 

11.6261 

11.5228 

11.8847 

3 6503 

3.6361 
3 5948 

3.4956 
3 5736 
3.6036 

3 6075 

10.6555 

10.6131 
10.61 52 

TABLE 7 

WEIGHT DATA FOR BLADES 

ight, grams 
25 Hours 

10.5130 

10.5104 

10.4242 

3 6457 

3 4332 

3.6094 

7.6510 

11.7419 

12.0560 

11.3185 

11.6564 

11.6283 

11.5246 

11.8869 
3.6103 

3.6015 

3 5721 

3 4659 

3.5596 
3 5792 

3 5887 

10.6560 

10.6161 

10.6138 

50 Hours 

10.5134 

10.5107 

10.4242 

11.3189 
11.6563 
11.6282 

11.5246 

11.8865 

3 5599 
3 4509 

3 5504 

3.5675 
3 5769 

10.6563 

10.6164 

10.6140 

Weight Chang 
D to 25 Hours 

i- 0.6 

+ 0.5 

+ 0.7 

-18.6 
-12.0 

-22.0 

-17 9 
+ 1.9 
+ 1.8 

+ 1.8 

+ 1.4 

+ 2.2 

+ 2.2 

+ 2.2 
* 

-34.6 

-22.7 

-29 7 
-14.0 

-24.4 

-18.8 

+ 0.5 

+ 0.9 

+ 0.7 

+ 0.4 

+ 0.3 
0 

+ 0.4 

- 0 .1  

- 0.1 

0 

- 0.4 

-12.2 

-15.0 

- 9.2 

-11.7 

+ 0.3 

+ 0.3 
+ 0.2 

-11.8 
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- 
Blade 
Numb e r 

125 

- 
126 

127 

128 

129 

130 

131 
132 

133 
134 

135 
136 
137 
138 
139 
140 

141 

142 

204 

205 

206 

207 

208 

209 

215 

216 

rla t e r i a 1 

lluminum 

4luminum 

lluminum 

! lumi num 

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

T-50 

T-50 

T-50 

T-50 

T-50 

T-50 

T-50 

31 6 
316 
316 
316 

Copper 

Copper 

T-50 

T-50 

TABLE 7 
(Continued) 

\ 
1 Hours 

3 5760 

3 5933 
3.5713 
3 5835 

11.9294 

11.7148 

11 5397 
11.7912 

11.9600 

12.1712 

11.8290 

3.5848 

3.6494 
3.6158 
3.5882 

3.6199 
3.6246 

3 3552 

3 5623 
3 5690 

3 5456 

3 5658 
11 -9315 
11.7167 
11.5414 

11.7934 
11.9621 

12.1731 

11.8310 

3.5611 
3.6253 
3 5963 
3.5631 
3.5910 

3 5978 

3.3358 
10.5452 

10.4b55 

10.6110 

10.3680 

11.9709 

11.3820 

3 6530 

3 6523 

LS 

50 Hours 

11.5418 

11.7932 

11.9623 

12.1733 

11.8311 

3 - 5850 

3 5510 

3.5800 

3.5868 
3 3255 

10 5455 

10.4654 

10.6112 

10.3689 

11.9240 

11.3820 

3.6419 

3 6356 

-13 9 7 
-24.3 

-25 7 
-17 7 
+ 2.1 

+ 1.9 
+ 1.7 
+ 2.2 

+ 2.1 

+ 1.9 
+ 2.0 

-23 - 7 
-24.1 

-19.5 
-25.1 

-28.9 

-26.8 

-19.4 

milligrams 
25 t o  50 Hours 

+ 0.4 

- 0.2 

+ 0.2 

+ 0.2 

+ 0.1 

-11.3 
-12.1 

-11.0 

-11.0 

-10.3 

+ 0 . 3  

- 0.1 

+ 0.2 

+ 0.1 
* 
0 

-11.1 

-16.7 
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Weight, grams 
25 Hours 50 Hours 

TABLE 7 
(Concluded) 

Weight C hangc 
0 t o  25 Hours 

Blade 
Number 

225 
226 

227 
228 

229 

230 

236 

237 

Mat er i a1 

316 
316 
316 
316 

Copper 

Copper 

T-50 

T-50 

316 

Aluminum 

Copper 

T-50 

0 Hours 

10.5549 

3 5917 
11.7667 

3 5857 

10.4923 

io. 6259 
10.4241 

10.4218 

12.0304 

11.7309 
3 5878 

3.5923 

10.4928 

10.6263 

10.4243 

10.4221 

12.0311 

11.7311 
3.5794 
3.5824 

Averages 

10.5555 
10.5205 

3 5727 
11.7687 

3.5606 

3 5667 

11.7276 

10 5558 
10.5208 

11.7277 

3 5552 

+ 0.6 

-19.0 
+ 2.0 

-25.1 

milligrams 
0 t o  50 Hours 

+ 0.5 
+ 0.4 

+ 0.2 
+ 0.3 

+ 0.7 
+ 0.2 
- 8.4 
- 9.9 

+ 0.3 

+ 0.3 

+ 0.1 

-11 5 

* Blade required clearance grinding during installation 
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0.1 - 
S c a l e  

(Approximate) 

0 Hours 

25 Hours 

Figure  29.Aluminum Blade ,  No. 125 
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appear  t o  be unaf fec ted .  Weight l o s s  d a t a  a r e  a g a i n  very  c o n s i s t e n t  

and t h e  copper shows a n o t h e r  weight ga in ,  probably caused by oxide for- 

mat ion .  The composition of the m a t e r i a l s  i s  given i n  Appendix B. 

Following t h e  f irst  25-hour t e s t ,  a second 25-hour t e s t  was begun. 

t h i s  t e s t ,  t h e  q u a l i t y  was maintained t h e  sane a s  i n  t h e  f i r s t  t e s t ,  

and t h e  t i p  speed increased  t o  460 f t / s e c  which i s  c o n s i d e r a b l y  above 

t h e  c a l c u l a t e d  t h r e s h o l d  speed f o r  copper (280 f t / s e c )  and Tens-50 

aluminum (310 f t / s e c ) .  No pure aluminum b l a d e s  were used because t h e  

t i p  speed i s  above t h e  s a f e  opera t iona l  l i m i t  f o r  t h i s  m a t e r i a l .  The 

pure aluminum b l a d e s  were replaced wi th  s t e e l  b l a d e s ,  and f o u r  b l a d e s  

each o f  copper and Tens-50 aluminum were r e p l a c e d  t o  determine t h e  e f f e c t  

of t h e  h i g h e r  speed 02 unexposed blades.  I n  t h i s  way,  a cornparisox 

Sased oa curnlllative imimct can be made. 

I n  

65/66 



ANALYSIS 

Evalua t ion  and a n a l y s i s  of t e s t s  now i n  progress  has  n o t  been completed. 

However, t h e  r e s u l t s  of those t e s t s  which have been performed makes it 
p o s s i b l e  t o  eva lua te  t h e  da ta  and t o  draw some t e n t a t i v e  conclus ions .  

DROP FORMATION 

Nozzle Tes t s  

The flow of a wet vapor  through a s t a t o r  block r e s u l t s  i n  t h e  format ion  

of drops which move a t  l e s s  than s t ream v e l o c i t y .  These drops may have 

t h e i r  o r i g i n  i n  puddles which form on t h e  web and t h e  wa l l s  of t h e  s t a t o r ,  

i n  t h e  low v e l o c i t y  wake and s e p a r a t i o n  reg ions .  Drops formed i n  a p r i o r  

s t a g e ,  o r  on housing walls w i l l  a l s o  c o n t r i b u t e  t o  t h e  number of drops 

observed. The s i z e  of t he  drops is  i n  the  range of t hose  p r e d i c t e d  by 

t h e  Weber number a n a l y s i s ,  a s  shown i n  F ig .  22. Expansion of  vapor  

through a p r i o r  s t a g e  appears  t o  r e s u l t  i n  a more uniform f low wi th  fewer 

drops on the s t a t o r  w a l l s ,  whereas wi th  i n j e c t i o n ,  s t reams of water  f low 

a long  the housing w a l l s .  Because of  the  r e l a t i v e l y  small s i z e  of t he  

b lades  i n  a space-power turb ine ,  the  d i s t r i b u t i o n  o f  t he  drops i s  n o t  

l i m i t e d  t o  the  t i p  reg ion ,  and  damage over  the  whole leading-edge r eg ion  

may be expected.  

Turbine T e s t s  

The d r o p l e t  formation observed i n  t h e  nozz le  t e s t s  w a s  a l s o  observed i n  

the  tu rb ine  t e s t s .  Wi-th a n  i n l e t  q u a l i t y  of approximately 98 p e r c e n t  t o  

t h e  t e s t  t u rb ine ,  t h e  expansion observed i n  the second s t a t o r  shows a 
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l a r g e  number ol” drops wi th  s t reams of l i q u i d  f lowing  on w a l l s .  

n a t u r e  of the  flow i s  dependent on t h e  p r e s s u r e  r a t i o  and on t h e  q u a l i t y  

reached.  Under some cond i t ions ,  t h e  p h y s i c a l  l o c a t i o n  where spontaneous 

condensat ion begins can be observed. 

The 

MATERIAL EVALUAT I ON 

Based on a n a l y t i c a l  cons ide ra t ions  us ing  the  water-hammer equa t ion ,  the  

th re sho ld  v e l o c i t y  f o r  the  f o u r  m a t e r i a l s  be ing  used w a s  c a l c u l a t e d  t o  be: 

AIS1 316 S t e e l  590 f t / s e c  

Pure Copper 280 f t / s e c  

Pure Aluminum 81 f t / s e c  

Tens-50 Aluminum 310 f t / s e c  

T e s t s  run s o  far  have shown damage t o  occur  t o  t he  two s e t s  o f  aluminum 

b lades  a t  a t i p  v e l o c i t y  of 700 f t / s e c ,  b u t  no s i g n i i i c a n t  weight  l o s s  

has  been encountered f o r  copper and s t e e l  a t  a t i p  speed of 460 f t / s e c .  

A t  t i p  speeds o f  700 f t / s e c ,  some s t e e l  weight  l o s s  was observed. 

w a s  n o t  run a t  t h i s  t i p  speed. 

Copper 

Examination of  F ig .  26 through 29 shows t h a t  t h e  aluminum damage i s  con- 

f i n e d  

back of t h e  lead ing  edge. 

n e a r l y  h a l f  the l eng th  of t h e  b lade .  

because of drops be ing  propagated a long  t h e  housing w a l l .  

a r e ,  i n  a l l  p r o b a b i l i t y ,  t h e  r e s u l t  of c e n t r i f u g a l  a c t i o n  i n  t h e  prev ious  

s t a g e .  

t o  a region a long  t h e  p re s su re  s i d e  ex tending  about  0.2 inches  

A t  t h e  t i p ,  t h e  damage l i n e  extends back f u r t h e r ,  

This  t i p  e ros ion  i s  t o  be expected 

Some of t h e s e  
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The c l e a r l y  de f ined  l i n e  o f  damage i n d i c a t e s  t h a t  t h e  mois ture  i s  evenly 

d i spe r sed  over t h e  whole flow channel.* 

The g ranu la r  appearance of t he  aluminum b lades  i s  evidence of t he  den- 

d r i t i c  s t r u c t u r e  of t he  m e t a l .  

a small amount of t r a c e  elements i s  p r e s e n t  t o  f a c i l i t e  pouring,  as shown 

i n  Appendix B ( s i l i c o n  0.002, copper 0.003, magnesium 0.001, i r o n  0.007) .  

Mechanical working of t he  sur face  may cause removal of the seg rega te s ,  

r e s u l t i n g  i n  the  appearance ev ident  i n  t h e  p i c t u r e s .  

Even though the  aluminum blades  a r e  "pure," 

Blade weight  l o s s  i n d i c a t e s  very l i t t l e ,  i f  any, e r o s i o n  of the  copper 

and s t e e l  b l ades .  

t h e  d e n d r i t i c  s eg rega t ion  is not be expected.  

f a r  a r e ,  of course,  below the  th re sho ld  of t he  s t a i n l e s s  s t e e l .  

I n  the  copper b lades ,  no i m p u r i t i e s  were ev iden t  and 

The t i p  speeds used s o  

The weight- loss  d a t a  shown i n T a b l e s  6 and 7 
E s s e n t i a l l y  no change is  ev ident  on t h e  s t e e l  b l ades .  

i nc reased  a s l i g h t  amount i n  weight du r ing  t h e  f i r s t  25 hours ,  b u t  n o t  

du r ing  t h e  second t e s t .  

t h e  system dur ing  the second t e s t  show l i t t l e  weight  ga in .  

d a t a  w i l l  be obtained du r ing  the t h i r d  t e s t  t o  eva lua te  t h i s  weight  change. 

i n d i c a t e s  some key r e s u l t s .  

The copper b l ades  

Even the  f o u r  copper b lades  which were p laced  i n  

A d d i t i o n a l  

Aluminum b lades  show r e l a t i v e l y  c o n s t a n t  weight  changes.  

25 hours ,  t h e  pure aluminum blades l o s t  an average of 19.0 mi l l ig rams 

which i s  t h e  equ iva len t  of 0.004-inches mean depth  of l a y e r  removed over  

t h e  a f f e c t e d  a r e a .  The minimum weight  l o s s  w a s  12.0 mi l l ig rams and t h e  

maximum 25.7 mi l l ig rams,  a spread of -27 and +28 pe rcen t .  

aluminum b lades  l o s t  an average of 25.1 mi l l ig rams (0.0055-inch mean depth  

of  l a y e r  removed) wi th  a spread of -44 and +38 p e r c e n t .  

During t h e  f i r s t  

The Tens-50 

During t h e  

*Estimates of the  v e l o c i t y  of impact of va r ious  d r o p l e t s  based on the  
l o c a t i o n  of damage a r e  g iven  i n  Appendix D .  
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second t e s t ,  the  average l o s s  f o r  a l l  Tens-50 b l ades  was 11.5 mi l l ig rams,  

-27 and +45 percent .  No s i g n i f i c a n t  d i f f e r e n c e  seems t o  e x i s t  between 

t h e s e  b l ades  used only i n  t h e  second t e s t  and those  t e s t e d  f o r  t h e  f u l l  

50 hours.  The l a r g e r w e i g h t  l o s s  r e g i s t e r e d  by t h e  Tens-50 b l ades  may be 

t h e  r e s u l t  of t he  g r e a t e r  amount of a l l o y i n g  m a t e r i a l  i n  t h i s  meta l .  

The r e l a t i v e l y  l a r g e  spread i n  b lade  weight l i s t e d  i n  Tables  6 and 7 
a t t r i b u t a b l e  t o  t h e  d i f f e r e n c e s  which n a t u r a l l y  r e s u l t  from c a s t i n g  and 

t h e  need t o  hand gr ind  t h e  p la t form s e c t i o n  between t h e  r o o t  and t h e  b l ade  

du r ing  assembly. A l l  b lades  were X-rayed p r i o r  t o  use  t o  ensure no poros- 

i t y  o r  vo ids  i n  t h e  metal .  

Typica l  va lues  a r e  shown i n  Table 8 . 

i s  

The m a t e r i a l  d e n s i t y  was a l s o  determined.  

TABLE 8 

SPECIFIC GRAVITY OF METALS 

Mater ia  1 

AIS1 316 S t e e l  

Copper 

Aluminum 

S p e c i f i c  Gravi ty  

Measured T h e o r e t i c a l  

7.963 7.98 
7.955 
8.914 8.96 
8.729 

2.630 2.67 
2.639 

Ana lys i s  and c o r r e l a t i o n  of d a t a  i s  cont inuing .  
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LASER PULSING SYSTEM 

T o  observe t h e  passage of dro?s through t h e  r o t o r  s t a g e ,  i t  i s  necessary  

t o  photograph a t  a speed which w i l l  e f f e c t i v e l y  s t o p  t h e  a c t i o n .  Fas tax  

camera sequences obta ined  i n  the nozz le  t e s t s  had exposure t imes of 6 
microseconds a t  a framing and puls ing  r a t e  of 5003 frames p e r  second. I n  

6 nicroseconds,  each b lade  moves approximately 0.060 inches ,  which would 

not perlnit a c l e a r  p i c t u r e .  

p e r  second, each b lade  w i l l  r o t a t e  1.8 inches  between frames which would 

no t  permit a n a l y s i s  of  drop pa ths ,  even i f  t h e  framing r a t e  were doubled 

( t o  t h e  l i m i t  o f  t h e  Fastax camera). 

r e q u i r e d .  

F’urtherlnore, a t  a framing r a t e  of 5000 frames 

A mich f a s t e r  system was, t h e r e f o r e ,  

For record ing  purposes ,  t h e  a s e  o f  a Bockman and Wnitley camera was pro- 

posed e a r l y  i n  t h e  program. Such a camera i s  capable  of framing r a t e s  

up t o  1.2-inillion frames p e r  second, a r a t e  ifhich would s t o p  t h e  motion 

of thP b lades  very e f f e c t i v e l y .  Light  s h u t t e r i n g  i s  achieved by means of 

a r o t a t i n g  m i r r o r  which u t i l i z e s  a Xenon l i g h t  source.  

A more e f f e c t i v e  way of  u t i l i z i n g  t h e  Beclunan and Whit ley camera w a s  

demonstrated by E l l i s  and Fourney and i s  d e s c r i b e d  i n  Ref .  12.  T h i s  

method uses  a l a s e r  which i s  pulsed and modulated by a Kerr  c e l l  t o  pro- 

duce exposure times t o  10 nanoseconds. A comparative e v a l u a t i o n  of t h e  

l a s e r  and Xenon techniques  w a s  made. I t  w a s  concluded t h a t  t h e  l a s e r  

system w a s  more s o p h i s t i c a t e d  and promised b e t t e r  r e s u l t s  because t h e  

Xenon source would achieve 40-nanosecond exposures  a t  b e s t .  I t  would 

also r e q u i r e  e x t e n s i v e  modi f ica t ion  t o  t h e  m i r r o r  system on t h e  camera 

which would, i n  t h e  long  run, be no less  expensive than  a d a p t i o n  o f  an 

e x i s t i n g  l a s e r .  
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The l a s e r  puls ing system being used i s  an a d a p t a t i o n  of t h a t  used by P r o f .  

E l l i s  and w a s  worked o a t  i n  c o n s u l t a t i o n  wi th  him. Two systems were con- 

s i d e r e d  as shown i n  block diagram _Form i n  Fig.  30. S y s t e a  1 u s e s  a con- 

m e r z i a l l y  a v a i l a b l e  108 v o l t ,  0 t o  1 megacycle p d s e  g e n e r a t o r ;  system 2 

uses  a 10 v o l t ,  0 t o  3 aegacycle  c o m e r c i a l  p a l s e  g e n e r a t o r  i n  conjunct ion  

wi th  a Rocketdyne-constructed 1 O : l  i n t e r m e d i a t e  p u l s e  a m p l i f i e r .  While 

t h e  f i r s t  s y s t e a  i s  s i m p l e r ,  i t  i s  l i m i t e d  t o  1-mil l ion f l a s h e s  p e r  second, 

whi le  t h e  second system can achieve  3-mill ion f l a s h e s .  S y s t e n  2 was se -  

l e c t e d  f o r  c o n s t r a c t i o n .  

t h e  gekierated pulse i s  a q l i f i e d  -13ed t o  a c t i v a t e  ci Kerr c e l l  s h u t t e r .  

This  s h u t t e r  inodulates a l a s e r  bearn and a3 innage i s  recorded 3 3  t h e  Beek- 

man and 'vliitlejr camera which is  used as a s t r e a k  ca.nera. 

A s  i n d i c a t e d  i n  :'le b l a ~ c k  A i  iA.*aLn (Fig.  30), 

The l a s e r  puls ing system has been checked ou t  and i s  be ing  i n s t a l l e d  i n  

t h e  t e s t  s e t u p  p r i o r  t o  t a k i n g  p i c t u r e s .  The camera has been modif ied 

and opera ted  t o  ensure an adequate f i e l d  of view. P i c t u r e s  w i l l  be taken 

dur ing  t h e  remainder of t h e  t e s t  program t o  a t tempt  t o  observe t h e  d r o p l e t  

v e l o c i t y  and impact on t h e  t u r b i n e  wheel.  
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APPENDIX A 

SIMITARITY CONSIDERATIONS FOR DROPS 

Much work has been publ ished on t h e  format ion  of drops i n  moving gas  

(vapor) s t reams.  

those  condensing i n  t h e  stream, and those  r e s u l t i n g  from t h e  agglomora- 

t i o n  of t h e  condensed drops.  The former a r e  v e r y  small (submicron) and 

t h e i r  s i z e  i s  governed by thermodynamic cond i t ions  (e.g. ,  h e a t  t r a n s f e r ,  

s e e  Ref. 1 ). The much l a r g e r ,  agglomorated drops a r e  of i n t e r e s t  he re .  

Two types  of drops a r e  recognized i n  a vapor system: 

Ava i l ab le  d a t a  comes from many sources ;  e .g . ,  a e r o s o l  sp ray  s t u d i e s ,  r o c k e t  

p r o p e l l e n t  d i s t r i b u t i o n ,  d r o p l e t s  s h a t t e r e d  by shock waves. Very l i t t l e  

agreement can b e  found between t h e  v a r i o u s  r e p o r t s .  However, g e n e r a l l y  

t h e  Weber Number 

p U2 d 
U We = 

and t h e  Reynolds Number 

O U d  Re = - cc 

where 

p = gas (vapor) dens i ty  

U = r e l a t i v e  v e l o c i t y  

d = d r o p l e t  diameter  

U = d r o p l e t  s u r f a c e  t ens ion  

p = gas (vapor) v i s c o s i t y  

a r e  used t o  c o r r e l a t e .  
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I f  t h e  d r o p l e t  i s  moving s lowly r e l a t i v e  t o  a gas  system, t h e  f low around 

t h e  n e a r l y  s p h e r i c a l  d rop  i s  laminar .  

p r o p o r t i o n a l  t o  t h e  dynamic p r e s s u r e  around t h e  drop  and i t s  c h a r a c t e r i s t i c  

a r e a  

The f o r c e s  a c t i n g  on t h e  drop  a r e  

and t h e  s u r f a c e  t e n s i o n  f o r c e s  hold ing  t h e  drop  t o g e t h e r  

The c r i t i c a l  drop s i z e  occurs  when t h e s e  f o r c e s  are  i n  some c r i t i c a l  

p ropor t ion .  

2 2  
= K O d  

O U  d 

2 

where 

K = cons tan t  

E v i d e n t l y  t h e  Weber Number 

We p U2 d 
U 2K 

i s  a c o n s t a n t  i n  t h i s  ca se .  

between 10 and 25  (e.g. Ref.  3 
This  c o n s t a n t  i s  quoted v a r i o u s l y  a s  be ing  

and 6 ). 
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AS t h e  r e l a t ive  v e l o c i t y  i n c r e a s e s ,  t h e  dynamic f o r c e s  p l a y  a l a r g e r  p a r t ;  

t h e  drop  may deform and s u r f a c e  waves may develop. (among o t h e r s )  

shows t h a t  t h e  drop  assumes a l e n t i c u l a r  appearance and t h e  s u r f a c e  f r i c -  

t i o n  f o r c e s  come i n t o  play.  Shear-type breakup i s  imminent when t h e  sur -  

s u r f a c e  f r i c t i o n  i s  l a r g e  enough. I n  a d d i t i o n  t o  t h e  dynamic f o r c e s ,  t h e  

shear-type f o r c e  must be opposed by s u r f a c e  t e n s i o n .  T h i s  f o r c e ,  t o o ,  i s  

p r o p o r t i o n a l  t o  t h e  dynamic pressure  

Ref.  4 

2 
Ff a! Cf 7 d2 

I n  R e f . 4  

making 

it i s  shown t h a t  f o r  laminar  f low,  C i s  p r o p o r t i o n a l  t o  Re 112 f 

= cons tan t  -1/2 WeRe 

A s  t h e  s l i p  v e l o c i t y  i n c r e a s e s ,  t u r b u l e n t  f low i s  achieved about  t h e  drop.  

C l a s s i c a l  theory  shows t h a t  i n  t h e  t r a n s i t i o n  zone 

K1 K2 - - - _ -  
'f Re0.2 R e  

The shape of t h i s  curve i s  such t h a t  t h e  Reynolds number dependence v a r i e s  

from 

a t  t h e  beginning of t r a n s i t i o n  t o  
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when turbulence  i s  

WeRe-' 

achieved. A t  t h i s  p o i n t  one might expec t  t h a t  

= c o n s t a n t  

The d r o p l e t  may a l s o  break  up because of a shock-wave impingement. 

t h i s  ca se ,  t h e  drop i s  f l a t t e n e d  u n t i l ,  a t  a c r i t i c a l  v e l o c i t y ,  t h e  drop  

is  blown o u t  down stream, l i k e  a bag a t t a c h e d  t o  a heavy r i m .  

f i n a l l y  b u r s t s ,  producing many f i n e  drops.  T h i s  t y p e  of breakup, c a l l e d  

bag-type breakup, must be  governed by a d i f f e r e n t  c o r r e l a t i o n .  I n  Ref. 6 
it i s  i n d i c a t e d  t h a t  

I n  

The bag 

WeRe = c o n s t a n t  

I n  t h e  l i g h t  of t h i s  d i s c u s s i o n ,  it might be  i n t e r e s t i n g  t o  examine t h e  

d a t a  obtained by some  i n v e s t i g a t o r s .  I n  Ref .  

obtained from a t u r b i n e  operated a t  CERL. 
downstream of a blade-row a r e  given f o r  f i v e  c o n d i t i o n s  i n  a wet s t ream 

tunnel .  Steam p r e s s u r e  i s  l i s t e d  and from t h i s ,  t h e  steam d e n s i t y  may 

be es t imated .  I n  essence,  t h e  d e n s i t y ,  s u r f a c e  t e n s i o n ,  and v e l o c i t y  

a r e  t h e  same f o r  each s e r i e s  of p o i n t s  and s o  t h e  p l o t  of Reynold number 

vs Weber number i s  a 45-degree l i n e .  I f  a l l  t e s t  c o n d i t i o n s  were known 

t h i s  would, probably, be changed. F i g u r e  31 shows t h i s  graph. The rela- 

t i v e  v e l o c i t y  f o r  each l i n e  i s  shown. I n  each can, t h e  r e l e v a n t  e q u a t i o n  

i s  

7, Hays r e p o r t s  some d a t a  

The d r o p l e t  v e l o c i t y  and s i z e  

- We = c o n s t a n t  Re 

b u t  t h e  cons tan t  appears  t o  change wi th  t h e  v e l o c i t y  as fol lows:  
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Figure 3 1 .  Critical Drop Size Correlation,Water in Steam,Data o f  Ref.  7 
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Ve l o c i  t y  Constant  

72 5 0.039 
930 0.049 

990 0.052 

1120 0.058 

o r  

0.75 cons tan t  = 3.0 x ( v e l o c i t y )  

which would lead t o  t h e  conclusion t h a t  

10-4 +75 We = 3.0 Re 

This  equat ion  has, of 

a v a i l a b l e  t o  proceed 

course,  dimensional u n i t s ,  

beyond t h i s  po in t .  

b u t  n o t  enough d a t a  i s  

I n  Ref.  17, the  drop e t s  breaking  up i n  an  acce  e r a t i n g  a i r  s t ream a r e  

i n v e s t i g a t e d .  

a n o l )  and t h e  d r o p l e t  diameter  j u s t  be fo re  breakup i s  c o r r e l a t e d  with 

Weber and Reynolds number. I f  t h e s e  d a t a  a r e  p l o t t e d  as i n  F ig .  3 2 , 3 3 ,  
and 34 t h e  bes t  f i t  l i n e  through each s e t  of d a t a  y i e l d s  a n  equat ion  of 

t h e  type  

Data a r e  given f o r  t h r e e  f l u i d s  (water ,  g l y c e r i n ,  and meth- 

W e  - cons tan t  
Re 1 .2  - 

a l though t h e  cons tan t  v a r i e s  wi th  d e n s i t y  of gas andwi th  f l u i d .  

and a i r  d e n s i t y  of 0.017 t h e  c o n s b n t  i s  1.12 x lo-'. 
For  water  
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Figure 32. Critical Drop Size Correlation, Water in Air, Data o:F Ref. 4 
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REYNOLDS NUMBER 
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Figure 33. Crit ica l  Drop S ize  Correlation, Glycerin i n  Air,Data o f  Ref. 4 
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Figure 34. C r i t i c a l  Drop S ize  Correlation,Methanol i n  Air,Data o f  Ref. 4 
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Surf  a c e  
V i s c o s i t y  Tension 

Type of O i l  c e n t i s  toke  dyne/cm 

S i l i c o n e  O i l  No. 1 10 20.14 

S i l i c o n e  O i l  No. 2 50 20.18 

S i l i c o n e  O i l  No. 3 100 20.92 

It i s  of i n t e r e s t  t o  compare t h e  d a t a  of Ref. 7 and 13 (F ig .  31 and 32) 

I n  g e n e r a l ,  t h e  agreement i s  good and seems t o  i n d i c a t e  t h a t  a func t ion-  

a l  r e l a t i o n s h i p  between Weber and Reynolds number which i s  more complex 

than  i n d i c a t e d  i n  t h e  previous d i s c u s s i o n  i s  needed. 

based on f r i c t i o n  c o e f f i c i e n t  a l o n e  seems n o t  t o  s u f f i c e ;  a much h i g h e r  

power of t h e  Reynolds number (1.2 i n s t e a d  of 0.2) i s  i n d i c a t e d .  

The s imple r e l a t i o n  

D e n s i t y  
g/cc 

0.940 

0.960 
0 - 970 

Both of t h e  previous papers d e a l t  wi th  d r o p l e t s  i n  shear- type breakup. 

In Ref.  6, bag type  breakup is  analyzed and t h e  f o l l o w i n g  r e l a t i o n  

WeRe = c o n s t a n t  

seems t o  hold t r u e  f o r  each t e s t  se r ies .  

t o  t h r e e  types of s i l i c o n e  o i l  a r e  e s p e c i a l l y  i n s t r u c t i v e .  P r o p e r t i e s  of 

t h e  o i l s  a r e  

Comparison of d a t a  p e r t a i n i n g  

Evident ly  t h e  only s i g n i f i c a n t  d i f f e r e n c e  between t h e  o i l s  i s  t h e  v i s c o s -  

i t y .  Test  data  show t h a t  t h e  c r i t i c a l  d rop  s i z e s  a re  given by t h e  approx- 

imate r e l a t i o n  

S i l i c o n e  O i l  No. 1 WeRe = 6900 
S i l i c o n e  O i l  No. 2 WeRe = 15000 
S i l i c o n e  O i l  No. 3 WeRe = 24000 

The c o n s t a n t s  are  approximately r e l a t e d  by t h e  one-half power of t h e  

v i s c o s i t y .  
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APPENDIX B 

PHYSICAL PROPERTIES OF WATER AND POTASSIUM 

Unless otherwise indicated, physical properties for water and potassium 

used are from: 

1. Keenan, J. H. and F. G .  Keys: Thermodynamic Properties of 

Steam John Wiley & Sons, Inc., New York, 1936. 
-¶ 

2. Eking, C. T., et al.: HiPh-Temperature Properties of Potassium, 
U.S .  Naval Research Laboratory, NRL Report 6233, 24 September 1965. 

3. Weatherford, N. D., Jr., et al.: Properties of Inorganic Eherm- 

Conversion and Heat Transfer Fluids for Space Applications, WADD 
Technical Report 61-96, November 1961. 

As indicated in Fig. 

tension exists. 
35, four different curves for potassium surface 

The values used are indicated on the figure. 

87 



1$ ROCYETDYNE A D I V I S I O N  O F  N O R T H  4 M E R I C A N  A V 1 4 T l O N .  I N (  

7.4 

7.0 ( 

6 -6 

6.2 

5.8 
0 

X 
I- 
LL 

-I 

7 

m 5.4 

h 

b 
- 5.0 
c, 
Z 

m 
z 
w 
I- 
w 4.6 
U 
4 
LL 

2 
4.2 

3.8 

3.4 

3.0 

PROPERTY MEASUREMENTS OF 
ALKALI LIQUID METALS" ORNL - 
3605 (VOL. 1, P. 66-87) 

D. TEPPER, "TH ERMOPHY ROEHLICH, SI CAL AND AND TRANSPORT MAY 't;v 
\t 

(MSAR 65-78) A A  7 

\ PROPERTIES OF LIQUID METALS" 
FIRST QUARTERLY REPORT, RTD A 

\- CONTRACT AF 33(615)-2481, 11 JUNE 1965, 

400 600 800 1000 1200 1400 1000 1800 2000 

TEMPERATURE, F 

88 

F i g u r e  35.  Surface  Tension o f  Liquid  Potassium 
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APPENDIX C 

MATERIAL COMPOSITION 

Laboratory reports  o f  material composition were rece ived and are  shown 

on the  fo l lowing  pages. 
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APPENDIX D 

DETERMINATION OF DROPLET VELOCITY 

The l o c a t i o n  of the eroded a r e a  observed on the  b l ades  makes i t  ,poss ib le  

t o  e s t i m a t e  the  impact v e l o c i t y  of the  d r o p l e t s .  This  may then  be com- 

pared  t o  the  v e l o c i t y  measured by observ ing  the  motion of i n d i v i d u a l  

drops i n  the  high-speed f i lms .  

F igure  28 c l e a r l y  shows the area eroded du r ing  the  t e s t s .  T ranspos i t i on  

of the l i n e  of demarcation t o  a drawing of  t he  b lade  p r o f i l e  he lps  t o  

d e f i n e  the  shadow l i n e ,  o r  l i m i t i n g  l i n e  of  impact.  Measurement o f  the  

l i m i t i n g  angle  shows i t  t o  be approximately 35 degrees .  From a knowledge 

o f  t he  impact angle ,  the  nozzle angle ,  and the  wheel v e l o c i t y ,  a v e l o c i t y  

diagram can be cons t ruc t ed  and the  impact v e l o c i t y  measured. I n  F ig .  36 
t h i s  v e l o c i t y  i s  shown as a func t ion  of  t he  impact ang le .  

From d a t a  r epor t ed  i n  Ref .  14, damage i s  caused by the  normal component 

o f  the impact v e l o c i t y .  This  component i s  a l s o  shown i n  F ig .  36, and i s  

observed t o  be v i r t u a l l y  cons tan t ,  which c o r r e l a t e s  w e l l  w i t h  t h e  very 

uniform appearance of the  eroded s u r f a c e .  

The a b s o l u t e  d r o p l e t  v e l o c i t y  can a l s o  be c a l c u l a t e d  from t h e  v e l o c i t y  

diagram, and t h i s  value i s  also shown i n  F ig .  36. Measurements of observed 

350-micron drops show them t o  be moving a t  approximately 50 f t / s e c  p r i o r  

t o  impact a t  the blade row.  The v e l o c i t y  of  t h e  s m a l l  drops has  n o t  been 

measured because of d i f f i c u l t y  i n  i d e n t i f y i n g  i n d i v i d u a l  drops i n  succes-  

s i v e  frames of f i lm .  However, judging  from d rag  c o e f f i c i e n t  d a t a ,  t h e s e  

drops must be moving a t  g r e a t e r  speed than  t h e  l a r g e r ,  350-micron drops 

( l a r g e r  d rag  c o e f f i c i e n t ) .  

93 



ROCYETDYNE A D I V I S I O N  O F  N O R T H  ~ M E R I C A N  A V I A T I O N ,  l ~ r -  

600 

500 

400 

300 

200 

100 

0 

I 

0 IO 20 30 40 50 

IMPACT ANGLE p,  DEGREES 

Figure 36. Velocity of Impacting Drops, Tip Velocity 
500 ft/sec 

94 



UNCLASS 1mm 
Security Claarification 

I .  O*IGlNATlN G ACTIVITY (COrpoMfe author) 
Rocketdyne, a D i v i s i o n  of North American Av ia t ion ,  
I n c . ,  6633 Canoga Avenue, Canoga Park, C a l i f o r n i a  

. 

2.. R E P O R T  S C C U R I T V  C L A S S I C I C A T I O N  
UNCLASSIFIED 

s t b  QROUp 

7.. T O T A L  NO. O F  P A O C S  

97 & x i i  

8 DESCRIPTIVE NOTES (Typa 01 report and I n c h a i m  date.) 

F i n a l  Repor t ,  30 June 1965 t o  31 October 1966 
5 rurnOR(S) (Loat n m a .  l i n t  nmne. inttiol) 

76 .  NO. OC R E F S  

14 

S p i e s ,  R. 

1 1 .  SUPPL EYENTARY NOTES 

I. REPORT O A T L  
November 1966 

NAS7-3 9 1 
Ba. C O N T R A C T  OR G I A N T  NO. 

b. P R O J E C T  N O .  

12. SPONSORING MILITARY ACTIVITY 

NASA, Pasadena 

c 

d .  

IO. A V A  ILABILITY/LIYITATION NOTICES 

#b.  OTUCR R PORT NWSJ (Any other nambon mat may be oee1m.d 
m e  nportf 

I 

13. ABSTRACT 

A program t o  i n v e s t i g a t e  the  e f f e c t  of v a r i a b l e s  on t u r b i n e  e r o s i o n  i s  now i n  
p r o g r e s s .  T e s t s  have been made w i t h  steam t o  determine the  s i z e ,  v e l o c i t y ,  
and o r i g i n  of drops propagat ing  through a t y p i c a l  s t a g e  of a space power t u r -  
b i n e .  T e s t  cond i t ions  were chosen t o  s imula t e  the  passage of potassium vapor 
through the  same t u r b i n e  s t a g e  s o  t h a t  c o r r e l a t i o n  w i t h  potassium-vapor exper i .  
ments would be p o s s i b l e  i n  t h e  f u t u r e .  
ob ta ined  of the  vapor flow t o  eva lua te  the  e r o s i o n  hazard  t o  t u r b i n e  b l ades .  
To e v a l u a t e  m a t e r i a l  c h a r a c t e r i s t i c s ,  t u r b i n e  b l ades  made o f  fou r  d i f f e r e n t  
m a t e r i a l s  were run  i n  the same wheel. Comparative weight- loss  d a t a  and rate- 
o f - lo s s  d a t a  pe rmi t  e v a l u a t i o n  based on m a t e r i a l  p r o p e r t i e s .  This  e v a l u a t i o n  
i s  cont inuing .  T e s t s  wi th  d i f f e r e n t  q u a l i t y ,  speed, and nozzle- to-rotor  
spac ing  a r e  be ing  conducted. Future  r e p o r t s  w i l l  be i s s u e d  on the  r e s u l t s  of 
t h e s e  i n v e s t i g a t i o n s .  

High-speed photographs have been 

DD E!. 1473 UNCLASSIFIED 
Security Ciassification 



UNCLASSIFIED 
Security Classification 

K E Y  WORDS 

Turbine Erosion 

Steam 

M a t e r i a l s  

Drople ts  

INSTRUCTIONS 
1. ORIGINARNO ACTIVITY E n t r  tho nrmo and mddrorm 
of tho contractor, mubcontrretor, grant.., Doprrtmont o l  D c  
fonoo rctlvlty or o t h r  orgrnlrrtlon (corporato ruthor) Imouln( 
tho roport. 
2.. REPORT SECUITY CLASSIFICATION Entor tho OVOP 
rl l  rocurlty clrrolflcrt lon of tho roport. Indlcrto whothor 
"Rortrlctod Data" 11 lncludrd. Yrrklly 1. to bo In accord- 
rnco wlth rpproprlrto rocurlty rogulrtlono. 
20. GROUP: Automrtlc downgrrdlng Io opoclflod In DoD Dl- 
rvctlvo 5200.10 and Armod Forcra Indumtrld Manual. E n t r  
tho group numbor. Alro, w h n  rppllcrble, ohow that optlonrl 
markings hovo bron urod for Group 3 rnd Group 4 am author- 
hod .  
3. R W O R T  TITLE: Entr tho comglrto roport tltlo In .I1 
crpl t r l  l o t t r r .  Tltlom In r l l  caror  mhould bo unclrrmlllod. 
U r mornlngful 11th cannot bo roloctod wlthout clrmrlllc* 
t l o q  rhow tltlo clroolflcrtlon In all crpltrlm ln pwnthomlo 
Immodlrtrly following tho tltlo. 
4, DkSCRIPfIVL NOTEB If pproprlmtv, ontor tho typo o l  
roport, o.g., intorim, progroem, rummmry, annual, or l h l .  
Olvo tho lnclurlvo dr tor  whon I rpoclflc roportlng porlod Ir 
e0vr.d.  
3. AVTHOR(0): Entor tho nrmr(o) of author(.) a0 ohown on 
or In tho roport. Entm trot  nrmo, flrmt nrmo, mlddlo Inltlrl. 
I f  mllltmry, mhow rank and branch of mrv lca  flu nrrno of 
tho prlnclprl author i n  an rbooluto mlnlmum roqulrornont 
6. REPORT DATO E n t r  tho doto of tho roport rr dry, 
month, yorr; or month, yorn If m o m  than onr drto appomro 
on tho rrport, umo d r to  of publlcatlon. 
?a. TOTAL NUMBER O F  PAOEI: Tho toto1 pago count 
rhould follow M ~ T I ~  prglnrtlon procodurom, Lo,, ontor tho 
numbr of  prgom contrlnlng Informrtlon 
7b. NUMBER OF REFERENCE@ Entor tho total numbor of 
rofroncoo cltod ln tho roport. 
84.  CONTRACT OR ORANT NUMBER: If pproprlrto,  ontm 
tho rppllcrblo numbor o f  tho contract or grant u n d r  whlch 
tho roport wro wltton. 
ab, &, & 8 d  PROJECT NUMBERi Sntor tho rpproprlrto 
mllltrry doputmont ldontlflcrtlon, ruch r e  projrct numbr,  
eubprojoct numbor, oyotom numbora, trok numbor, o h  
01. ORIOINATOR'I REPORT WWBER(~)I E n t r  tho offl- 
olrl roport numbor by wNch tho documont wlll bo Idontlflod 
and eontrollod by tho or lglnr t lq  rctlvlty. TNm numbor mumt 
bo  unlquo to thlr  ,.port. 
Ob. OTHER REPORT NUMBER(@): I f  tho rrport hro boon 
r o o l ~ n o d  any othor roport numbrm (olthor b y  tho orlainator 
or b y  !ho aponaor), r l r o  ontor thlm numbor(m). 
10. AVAILABILITY/LIMITATION NOTICEL Entor m y  llm 
l tr t lonr on furthrr dtrromlnrtlon of  tho roport, othrr than tho* 

LINU C 
R O L E  W T  

lmpomod by rocurlty clrrrlf lcrt lon,  umlq  rtrndrrd otrtomontr 
ruch am: 

(1) 

(2) 

(3) 

"Qurllllod r o q ~ m r t r r  m y  obtrln coploo of thlr  
roport from DDC" 
"Forolgn rnnouncmnont and dlrr ,plnat lon of thlo 
roport by DDC Im not ruthor1806 
"U. 1. Govornmont rgonclor may obtrln coplor of 
thl r  m o r t  dlroctly from DDC. O t h r  qurlIf1od DDC 
uroro r h d l  roquomt through 

W. 1. mllltrry rgonclor may obtrln coplor o l  thl r  
roport dlroctly from DDC O t h r  qurllflod u r r r  
ohrll roquomt through 

,, 
(4) 

I 8  

(S) "All dlotrlbutlon of thl r  roport l a  control106 @.I- 
lflod DDC urwo rhrll  roqu'oot through 

I. 

If tho roport ham boon fwnlmhod to tho Ofllco o f  Tochnlcrl 
Srvlcoo,  Doprrtmont of Commrco, lor r r l o  to tho publlc, lndl- 
cat. two  frct and o n t r  tho prlco, If known, 
11. 8UPkLEMLNTARY NOTE8: Uro for mddltlond o r p l m ~ -  
tory ~ t o &  
11. 8PONBORING MILITARY ACTIVITY Entor tho nmmo of 
tho doprrtnuntrl pmjoct oflicm or laboratory rponmorlng (pap 
la for) tho rooorrch mnd dovolopmonl Includo mddroo& 
13. ABIITRACT: Entor an r b r t n c t  glvlng 0 bdof md factual 
rummry of tho documont Indlcrtlvr o f  tho roport, ovon though 
It may r h o  rpporr 01oowhon In tho body of tho tochnlcrl ro- 
port. If rddltlonrl mprco Ir n q u l n d ,  r contlnurtlon mhoot ohrl 
bo rttrchod. 

It 11 hl hly domlnblo that tho rbrtroct of clrrr l f led nport 
bo unclrmmlkod. Each pongrrph of tho rbr t r rc t  rhr l l  end wlth 
an lndlcrtlon of tho mil l t ry  rocurlty cfrrr l f lcr t lon of tho In- 
lormmtlon In tho parrgrmph, npnmontod r e  f t W ,  fSJ, W J ,  ar  fUJ 

Thoro Io no llmltrtlon on tho longth of the rbr t r rc t .  How- 
ovor, tho ruggrrtod longth Ir from 150 to 115 wordr. 

14. KEY WORDI: Koy wordm o n  tochnlcrlly mornlngful toma 
or rhort phrrmom t h t  chrrrctor lm r roport and may bo umod rr 
Indon ontrlmr for crtrloglng tho roport. Koy wordr murt bo 
moloctod r o  that no mocurlty c l r r r l l lcr t lon Ir roqulrod. Idontl- 
llorm, ruch rr oaulomont modo1 dorlmrt lon,  t n d o  nrmo, mllltr 

. 


